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Zeolites have been widely used in many different fields including catalysis, adsorption 
and separation, ion exchange, or gas storage. Conventional zeolites have three-
dimensional (3D) structures with microporous channel system; typical pore sizes are well 
below 1 nanometer, therefore, diffusion limitation plays important role in many process 
and bulkier reactants (or products) cannot enter (or leave) the zeolite channel system. 
Two-dimensional (2D) zeolites prepared in last years can lift all diffusion limitation and 
they thus offer a very attractive alternative to conventional 3D zeolites. 2D zeolites 
attracted considerable attention on the experimental side; however, understanding of 2D 
zeolites based on computational investigation or on a combination of experimental and 
computational investigation is limited. A motivation for the computational work 
presented here is to improve our understanding of properties of 2D zeolites based on 
computational investigation. 
The originality of the research presented herein is in the strategy: we carried out 
systematic investigation of properties of corresponding 2D and 3D zeolites and we focus 
on the identification of similarities and differences. The most important zeolite 
properties, i.e., presence of Brønsted and Lewis acid sites, are investigated. A number of 
different characteristics of acid sites are considered, focusing on those that can be also 
obtained experimentally. Our computational results are compared with experimental 
results available in literature and with those newly obtained by collaborating 
experimental research groups. Several zeolite topologies are investigated, including, 
UTL, MFI, MWW, and FAU; properties of traditional 3D zeolite as well as of 
corresponding 2D one are considered in all cases. 
The results obtained were found to be in a good agreement with available 
experimental data. This agreement entitles us to outline a general connection between the 
properties of 3D and 2D zeolites. Two-dimensional zeolites with relatively thick layers 
(above 2 nm) and low concentration of surface silanol have almost identical properties as 
their corresponding 3D counterpart (MWW). Two-dimensional zeolites with thick layers 
and high concentration of surface silanols show rather different properties for the same 
crystallographic sites in 3D and 2D materials; however, averaged properties remain 
similar. Two-dimensional zeolites with thin layers (1 nm) appear to be less acidic than 
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corresponding 3D zeolites. In summary, our results indicate that neither Brønsted nor 


























Zeolity jsou široce využívány v řadě oblastí včetně katalýzy, adsorpcí a separací, 
iontových výměn a ukládání plynů. Běžné zeolity mají trojrozměrnou (3D) strukturu 
obsahující systém mikroporézních kanálů. Typická velikost těchto kanálů je pod 1 nm, 
v důsledku čehož je řada procesů limitována rychlostí difúze a větší reaktanty (produkty) 
nemohou vůbec vstoupit (opustit) do kanálového systému. Dvojrozměrné (2D) zeolity 
připravené v posledních letech mohou zmírnit nebo zcela eliminovat problémy spojené 
s difúzí a představují velmi zajímavou alternativu k běžným 3D zeolitům. 2D zeolity byly 
intenzivně zkoumány v posledních letech zejména experimentálně, zatímco porozumění 
jejich vlastností na základě teoretických výpočtů či na základě kombinace experimentu a 
teorie je zatím značně omezené. Práce zde předkládaná je motivována snahou vyjasnit 
vlastnosti 2D zeolitů na základě výpočetní studie. 
 Originalita našeho výzkumu je ve zvolené strategii – na základě systematického 
výzkumu vlastností 2D a korespondujících 3D zeolitů chceme nalézt a pochopit 
podobnosti a rozdílnosti mezi 3D a 2D zeolity. Soustředíme zejména na studium 
nejvýznamnějších vlastností zeolitů, tedy na popis Brønstedovské a Lewisovské 
kyselosti. Zabýváme se studiem různých charakteristik kyselých center v zeolitech a 
zejména takových charakteristik, které jsou experimentálně dostupné a mohou být 
porovnávány s experimentálními daty. Naše teoretické výsledky jsou srovnávány nejen 
s experimentálními daty dostupnými v literatuře, ale také s nově získávanými daty ve 
spolupracujících experimentálních laboratoří. V práci se zabýváme zeolity s různou 
strukturou (UTL, MFI, MWW a FAU), vždy studujeme stejné vlastnosti v běžném 3D 
zeolitu a v jeho 2D analogu. 
 Výsledky získané teoreticky jsou v dobré shodě s dostupnými experimentálními 
daty. Tato shoda nás opravňuje k formulaci obecných vztahů mezi vlastnostmi 3D a 2D 
zeolitů. Dvojrozměrné zeolity s relativně silnými deskami (silnějšími než 2 nm) a nízkou 
koncentrací povrchových silanolů mají prakticky totožné vlastnosti jako jejich 3D analog 
(například zeolity s MWW topologií). Dvojrozměrné zeolity se silnými deskami a 
vysokou koncentrací povrchových silanolů mají rozdílné vlastnosti pro jednotlivá 
krystalografická kyselá centra ve 3D a 2D materiálech, ale zprůměrované vlastnosti jsou 
velmi podobné. A dvojrozměrné zeolity s tenkými deskami (okolo 1 nm) mají o něco 
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slabší kyselá centra než korespondující 3D zeolit. Získané výsledky indikují, že ani 
Brønstedovská ani Lewisovská kyselá centra nejsou významně ovlivněna přechodem od 
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Microporous aluminosilicate materials, zeolites, have been widely used in many different 
fields, such as catalysis, adsorption and separation, ion exchange, or gas storage due to 
their high acidity, high surface area, high thermal stability, and environmentally friendly 
properties. In particular, they were established as an important industrial catalyst for 
important processes, such as hydrocarbon cracking, olefin oligomerization, methanol to 
olefin conversion, and fine chemical synthesis [1-5]. Conventional zeolites have three-
dimensional (3D) structures with microporous channel system; typical pore sizes are well 
below 1 nanometer, therefore, diffusion limitation plays important role in many process 
and often only the fraction of active sites (closer to external surface) are really utilized. In 
addition, bulkier reactants (or products) cannot enter (or leave) the zeolite channel 
system. 
In order to overcome limitations connected with the small size of zeolite micropores 
in conventional 3D zeolites, ordered mesoporous molecular sieves have been synthesized 
and explored for catalytic applications [6, 7]. Unfortunately, these materials containing 
amorphous walls do not have sufficient acid strength and activity. This facts triggered an 
intense research towards synthesis of new zeolite materials that possess both 
microporosity and mesoporosity. Hierarchical zeolites are materials that can be viewed as 
conventional zeolites with additional mesoporosity; crystalline structure of channel walls 
is preserved and thus, unique properties of zeolites, strong acidity in particular, are 
preserved. A very appealing way for preparation of hierarchical zeolites is the synthesis 
of two-dimensional (2D) zeolites and their subsequent pillaring providing mesoporous 
channels between individual zeolite layers [8-10]. 
2D zeolites attracted considerable attention in recent years, in particular on the 
experimental side; a number of experimental studies addressing experimental 





Chapter 1. Introduction 
increases every year [11-19]. However, understanding of 2D zeolites based on 
computational investigation or on a combination of experimental and computational 
investigation is limping. And this was a motivation for the computational work presented 
herein – the main goal of this thesis is to improve our understanding of properties of 2D 
zeolites based on computation investigation. While this thesis is purely computational 
work, the selection of systems as well as properties of 2D zeolites to be investigated was 
motivated by available experimental data. The originality of our research is in the 
strategy: we investigate the properties of 2D zeolite and corresponding 3D zeolite in 
parallel and we compare the results and discuss the differences and similarities. The 
focus is on the investigation of the most important zeolite properties, i.e., catalysis; both 
Brønsted and Lewis acid sites are investigated. Number of different characteristics of 
acid sites are investigated, focusing on those that can be also obtained experimentally. 
The IR spectra corresponding to acid sites directly and to probe molecules adsorbed on 
acid sites are investigated. Most of the work presented herein is based on the CO probe 
molecule that is considered as one of the most suitable and that is applicable to almost 
any zeolite. In addition, NMR characteristics of Brønsted acid sites probes are also 
investigated and catalytic activity of Lewis acid sites is also investigated towards the end 
of this thesis.  
Following 3D and 2D materials were investigated: UTL zeolite and corresponding 
IPC-1P layered zeolite, MCM-22 zeolite and MCM-22P layered zeolite (both with 
MWW topology), conventional 3D MFI and recently synthesized 2D MFI, and finally 
conventional FAU zeolite and hierarchical FAU represented by a model of 2D FAU. All 
calculations were performed at the density functional theory (DFT) level and we 
investigated both Brønsted and Lewis acid sites in these materials. The main focus of this 
work is on understanding of acid-base properties of these 2D zeolites and on the 
structural factors behind the similarity and difference from corresponding 3D materials. It 
must be noted that our computational results are compared with available experimental 
data from literature but also with newly acquired system characteristics obtained in 
parallel experimental investigation in several collaborating laboratories around the world 
(including Prof.  Jiří Čejka at the IPC Academy of Science, Czech Republic, Prof. Roman 
Bulánek at University of Pardubice, Czech Republic, Prof. Carlos Otero at University of 





Chapter 1. Introduction 
Javier Pérez-Ramírez at  ETH Zurich, Switzerland). The work reported in this thesis has 
resulted so far in five papers in respected international journals, such as Phys. Chem. 
Chem. Phys. or J. Phys. Chem C; these papers are part of this thesis and they are given at 
Attachments. Several other papers based on the data reported in the thesis are under 
preparation. 
This thesis is organized as follows:  a general background of zeolite science, 
including some computational aspects, are given in Section 2. The models of 3D and 2D 
zeolites with different frameworks explored in the thesis (UTL, MWW, MFI and FAU) 
are provided in Section 3. Section 4 presents the methods which were applied in this 
work: DFT, dispersion corrections (vdW-DF, DFT-D, DFT/CC) and /r correlation. 
Results and Discussion are presented in Section 5 that is the most comprehensive part of 
the thesis and is divided into several subsections: (i) Lewis acidity of 3D and 2D zeolite, 
(ii) Brønsted acidity of 3D and 2D zeolites and (iii) catalytic activities of hierarchical 










It is the goal of this chapter to provide the reader with general background necessary for 
understanding of following chapters. Zeolites and in particular hierarchical zeolites are 
introduced first followed by the discussion of two-dimensional zeolites. The framework 
of zeolites discussed in following chapters are introduced next. We than introduce the 
concept of Brønsted and Lewis acidity in zeolites and the basics of experimental 




Zeolites are crystalline microporous aluminosilicates with three dimensional networks 
containing cavities and channel systems. Zeolite materials are based on the primary 





). The connection of primary building units via oxygen atoms forms the secondary 
building units (SBU) of n-ring structures, where n is the number of T atoms. Typically, n 
is 4, 6, 8, 12 as shown in  Figure 1; these SBU’s frequently occur in zeolite structures 
[20]. The linkages of SBU in regular arrays create pores and cavities that are 
characteristic for a particular zeolite topology.  Up to now, more than 230 different 
zeolite frameworks have been synthesized and recognized by Internationl Zeolite 
Association and they received a unique three-letter code [20]. Examples of zeolite 
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FIGURE 1. Examples of secondary building units of zeolite, shown for a) 4-ring, b) 6-
ring, c) 8-ring, and d) 12-ring. 
 
 
a  b  
FIGURE 2. Framework structure of a) UTL and b) MFI zeolites, viewed along main 
channel systems. 
Since zeolite frameworks expand in three dimensions they are in general considered 
to be three dimensional (3D) materials. While 3D zeolite materials have many advantages 
for catalytic and other applications, there is one disadvantage related to the fact that 
zeolites are 3D crystalline materials with microporosity: the size of the microporous 
channel (typically < 1nm) generate some diffusion limitations for small molecules and it 
does not allow bulkier molecules to even enter the channel system. In recent years, 
promising lamellar zeolite materials have been successful synthesized by various 
methods including direct synthesis and post-synthetic treatments to overcome this 
obstacle. These new materials are viewed as 2D materials because they can be obtained 
with very thin framework thickness (1-3 nm) in one dimension. For example, IPC-1P 
layered material was obtained by hydrolysis of UTL containing Ge-rich double four-
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MCM-22P, were synthesized directly in aqueous media [21, 22], and MFI nanosheets 
were obtained by a synthesis route using special structure directing surfactants [10, 23]. 
 
2.1.1. Zeolites of IPC-1P family 
It has been shown recently that UTL zeolite can be converted into layered two-
dimensional (2D) material IPC-1P by selective hydrolysis [8] and this 2D material can be 
further converted into new zeolites IPC-2 and IPC-4 (having OKO and PCR topology, 
respectively) via ADOR mechanism [24-26]. The OKO zeolite was originally prepared 
via inverse sigma transformation [27]; OKO and IPC-2 have the same framework 
connectivity but differ in the symmetry. These four materials (IPC-1P, UTL, OKO, and 
PCR) thus constitute a unique set of adsorbents with the same dense 2D layers separated 
by different interlayer distances defined by different interlayer linkers. Consequently, 
these materials have different channel systems parallel to the same 2D layer (Figure 3). 
We denote these zeolites “IPC-1P family” since they all can be formally obtained from 
IPC-1P 2D precursor. 
The UTL zeolite has a monoclinic unit cell with C2/m space group (T64Ge12O152 
where T is either Si or Al atom) in which 12 Ge and 4 Si atoms are located in the double-
four ring (D4R) units [28]. The UTL structure contains a two-dimensional channel 
system with main channel along the c vector defined by a 14-ring (9.5 × 7.1 Å) and a 
perpendicular channel along b vector defined by a 12-ring (8.5 × 5.5 Å). 
The OKO (IPC-2) zeolite has a monoclinic unit cell with C12/m1 space group 
(T68O136 where T is either Si or Al atom) in which there are eleven non-equivalent T sites 
and twenty-one non-equivalent framework oxygen atoms [20]. The OKO structure 
contains a two-dimensional channel system with the main channel along c vector defined 
by a 12-ring (5.6 x 7.0 Å) and a perpendicular channel along b vector defined by a 10-
ring (4.7 x 6.1 Å). 
The PCR (IPC-4) zeolite has a monoclinic unit cell with C1m1 space group (T60O120 
where T is either Si or Al atom) in which there are ten non-equivalent T sites and 
eighteen non-equivalent framework oxygen atoms [20]. The PCR structure contains a 
two-dimensional channel system with the main channel along c vector defined by a 10-
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The pillared structures containing 2D IPC-1P layers and mesopores can be obtained 
by swelling of IPC-1P with suitable organic surfactants followed by intercalation with 
silica species and calcination. This material is denoted IPC-1PI. Therefore, the 
computational results obtained for IPC-1P layer can be compared to experimental data 
obtained for IPC-1PI zeolite. 
 
 
FIGURE 3. Structures of IPC-1PI, UTL, OKO and PCR consist of the same dense 2D 
layers (in green color) but different linkers (in red color) leading to the different pore 
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2.1.2. 3D and 2D zeolites with MWW topology  
The MCM-22 zeolite (MWW topology) has a hexagonal unit cell and P6/mmm space 
group (T72O144, where T is either a Si or Al atom), in which there are eight non-
equivalent T sites and thirteen non-equivalent framework oxygen atoms [20]. The MCM-
22 zeolite contains two independent channel systems: the two-dimensional sinusoidal 10-
membered ring channels (4.1 x 5.1 Å) and the 12-membered ring cages (7.1 × 7.1 × 18.2 
Å) interconnected via 10-membered ring windows (4.0 x 5.5Å) [20]. The three 
dimensional MCM-22 zeolite can be obtained from layered MCM-22 precursor MCM-
22P, by direct condensation of individual MCM-22P (Figure 4); individual layers are 
stucked on top of each other upon the synthesis. Swelling of MCM-22P material with 
large organic surfactants followed by intercalation by silica species and calcination leads 
to the formation of interlayer inorganic pillars and mesopores; thus formed pillared 
material is denoted MCM-36 [23, 29]. Therefore, the results obtained computationally for 
MCM-22P layer can be compared to experimental data obtained using MCM-36 zeolite. 
 
 
FIGURE 4. Structure of MCM-22 (left) and MCM-22P (right), The H, O and Si atoms 
are depicted in white, red, and gray color, respectively. 
 
2.1.3. 3D and 2D zeolites with MFI topology 
The ZSM-5 (MFI framework) has an orthorhombic unit cell, Pnma space group (T96O192 
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and twenty-six non-equivalent framework oxygen atoms [20]. 3D-ZSM-5 consists of two 
types of 10-membered ring channels: straight channels (5.3 x 5.6 Å) oriented along the b 
vector and zigzag channels (5.1 x 5.5 Å) oriented along the a vector. The 2D-ZSM-5 
zeolite was obtained via a synthesis route using zeolite structure directing surfactants [10, 
23]. The pillared ZSM-5 nanosheets were created through coherent assembly of the 
zeolite layers and surfactants with long hydrocarbon chains [10]. The silica pillars retain 
the interlayer spaces of the lamellar MFI after calcination to remove surfactants. The 
structure of 3D-ZSM-5 and 2D-ZSM-5 are shown in Figure 5. 
 
 
FIGURE 5. Structure of 3D-ZSM-5 (left) and 2D-ZSM-5 (right). The H, O and Si atoms 
are depicted in white, red, and gray color, respectively. 
 
2.1.4. FAU zeolite and FAU layered material 
The FAU structure has a cubic unit cell, Fd-3m space group (T192O384 where T is either a 
Si or an Al atom), in which all the T sites are equivalent and there are four non-
equivalent framework oxygen atoms [20]. This material has three dimensional pore 
systems consisting of sodalite cages connected through hexagonal prisms or double six-
ring (D6R). This results in 12-membered ring pores with a diameter of 7.4 Å and the 
large cavity with diameter of 12 Å surrounded by 10 sodalite cages (Figure 6a). The 
hierarchical FAU zeolites are obtained by different methods, such as a desilication by 
post synthesis treatments using alkaline [30], by the use of organosilan templates [31, 32] 
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hierarchical FAU materials can be terminated by D6R or S6R [34] and example is shown 






FIGURE 6. Structure of FAU zeolite (a) and layered FAU zeolite terminated with D6R-
S6R (b). The H, O and Si atoms are depicted in white, red, and gray color, respectively. 
 
2.2. Brønsted and Lewis acidity in zeolites 
The zeolite lattice consists of a three dimensional network of tetrahedra connecting four 
valent or three valent cations such as Si or Al, each having four oxygen atoms as 
neighbors, and each oxygen atom has two cations as the nearest neighbors. When all 
lattice cations are Si, the zeolite framework has no charge. However, when silicon is 
replaced by metal atom with lower valency (typically aluminum) negatively charged 
framework is formed. The negative charge in the zeolite framework is compensated by 
extra-framework cations in the vicinity of Al sites. The Brønsted acidic sites (Figure 7a) 
are created when a charge-compensating proton binds to one of four framework oxygen 
atoms bridging aluminum with adjacent silicons. Lewis acidic sites (Figure 7b) are 




 balance the negative 
charge of zeolite framework. In contrast to Brønsted acidic sites, Lewis acidic sites are 
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FIGURE 7. A Brønsted acidic site (a) and a Lewis acidic site (b). The atoms are depicted 
with following colors: Si (yellow), O (red), H (white) and extra-framework cation 
(purple). 
 
2.3. Characterization of acid sites in zeolites – adsorption of probe molecules 
Among methods for characterization of the acidity (either Brønsted or Lewis) of zeolites, 
the IR spectroscopy of adsorbed probe molecules is the most important one. Therefore, 
the selection of suitable probe molecules plays an important role in an accurate 
evaluation of acid-base properties in zeolite materials. The ideal probe molecule must 
fulfill certain criteria such as: a selective interaction with acid sites, a high specificity to 
discriminate between sites having small differences in acid strength, and the molecular 
size should be as small as possible to access the sites in narrow pores.  
Many probe molecules ranging from strong base (NH3, pyridine) to weak base 
(CH4, N2, CO) have been used but small and weakly interacting probe molecules, such as 
N2 and CO [35-38], have been mostly used for probing acid properties of zeolites because 
they suit above mentioned criteria. Furthermore, their vibrational dynamics is relatively 
simple and adsorption induced frequency shifts can be evaluated easily. In addition, it is 
important to select such probe molecules for which accurate quantum chemical 
calculations can be carried out and provide complementary information (electronic 
structure details, binding energies and vibrational frequencies). Therefore, we have used 
predominantly CO as probe molecule for investigating acid properties of zeolite 
materials. 
In addition to IR characterization, also NMR investigation of probe molecules 
adsorbed on acid sites are used; in particular, 
31
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(TMPO) has been widely used in experimental characterization [39-41]. Compare to 
other NMR probes, such as acetone, pyridine or trialkyphosphine, the trialkylphosphine 
oxide probe molecules show higher sensitivity, wider range of chemical shifts and its 
dynamic diameter (ca. 0.55 nm) is suitable for small pores of many zeolites. Thus, the 
TMPO was used as a probe molecule to evaluate acidity in 3D and 2D zeolites in the 
present work. 
 
2.4. Vibrational dynamics of adsorbed probe molecules 
A harmonic vibration is an idealized expression which obeys Hooke's Law. It assumes 
that the magnitude of the restoring force for a system displaced from equilibrium is 




𝑘𝑥2   ,                (1) 
where k is the force constant and x is the displacement.  
The potential energy within harmonic approximation has parabolic shape as shown in 
Figure 8 (green color).  
 
 
FIGURE 8. Harmonic vibration potential (green curve) and anharmonic vibration 
potential (blue curve). 
 
Obviously, this idealized vibration fails to describe vibrational dynamics properly 
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molecules to dissociate. At the higher vibrational levels the atomic motion extends to the 
region of potential energy curve where the harmonic approximation fails and additional 
terms are required in potential V (Equation 2).  Therefore, the vibrational dynamics 
description must go beyond harmonic approximation (Figure 8). Within the anharmonic 












𝑥4 + ℎ𝑖𝑔ℎ𝑒𝑟 𝑡𝑒𝑟𝑚𝑠,   (2)  
where 3 and 4 are anharmonic constants. The difference between adjacent vibrational 











Early computational studies used small cluster models consisting of just a few atoms to 
represent the zeolite. The dangling bonds on the edges of the cluster model were 
terminated with hydrogen atoms. However, small cluster models could not possibly 
mimic a complex environment of active sites inside the microporous channels in zeolites. 
With rapid development of computational resources and rapid development of 
computational software (DFT in particular) in past 30 years it is now possible to use 
models containing hundreds of atoms. Instead of using large cluster models (they are also 
occasionally used) calculations can be performed with fully periodic models (employing 
periodic boundary conditions and utilizing the regular crystal structure of zeolites). All 
the calculations of zeolite properties reported herein were obtained with periodic models. 
Small cluster models were only used for testing the reliability and accuracy of methods 
employed (see below). 
Periodic models of 3D zeolites are simply defined by the periodicity of the zeolite 
unit cell; periodic models of 2D zeolite layers also employ periodic boundary conditions 
in all three directions – unit cell vectors along the layer is defined by the crystal 
periodicity while periodicity along the surface normal is defined by the layer sickness and 
vacuum (typically 1-2 nm) separating periodic images of individual layers to minimize 
their spurious interactions (a supercell approximation). Models of 3D and 2D zeolites 
(those introduced in Section 2) were constructed and used for calculations. Technical 
details for individual zeolites are presented below. 
 
3.1. Zeolites of IPC-1P family 
The numbering scheme of framework atoms in UTL, OKO, and PCR structures is 
defined at the IZA database [20]; the use of three numbering schemes would make it 





Chapter 3. Zeolite models 
types. In fact, all three UTL, OKO, and PCR framework types are based on the same 
dense 2D layers (a material denoted IPC-1P) [8] and they differ only by a linker inter-
connecting these 2D layers into 3D zeolites (O atom, S4R, and D4R for PCR, OKO, and 
UTL, respectively). Therefore, for comparison of all 3 framework types the UTL 
numbering scheme is adopted (Figure. 9) and the mapping with the IZA numbering is 
shown in Table 1. The same numbering is used also for IPC-1P layered material. To 
prevent the confusion with the IZA numbering the T-sites are denoted as T’-sites 
throughout this section. 
The notation of Li
+
 cation positions for all structures is shown in Figure 9. Li
+
 
positions located on the surface of the channel wall (type I sites) can be classified as Mx 
and Px, where M is the main (larger) channel and P is the perpendicular (smaller) 
channel, x is the size of the ring on the channel wall that hosts the extra-framework cation 
and I2 stands for type II sites on the intersection (similar notation has been introduced 
previously for other high-silica zeolites [42, 43]) 
The unit cell of UTL (a= 29.8004 Å, b=13.9926 Å, c=12.3926 Å, and ==90o, 
=105.1850o) were taken from zeolite structure database [20], the unit cell of IPC-1P is 
the same as for UTL along b and c vectors but the dimension along the a vector was 
adjusted to 29.8000 Å to introduce vacuum between layers and to avoid inter-layer 
interactions. Unit cell parameters previously determined for IPC-2 (OKO) (a= 12.5162 Å, 






) and IPC-4 
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FIGURE 9. Notation used for extra-framework Li
+
 cation sites in IPC-1P, UTL, OKO 
and PCR. Sites in the main and perpendicular channels are denoted as Mx and Px, 
respectively, where x stands for the size of the ring on the channel wall where the Li
+
 
cation is located. A new surface site in IPC-1P formed upon the removal of D4R is 
denoted S8b. Two sites in PCR at the location of P5 and M5 in UTL are denoted M6 and 
P6 (depicted in the inset). The numbering scheme of T’ atoms based on the UTL 
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TABLE 1. The numbering of T sites in IPC-1P, UTL, OKO and 
PCR was taken from IZA database. The common numbering of 








T1’  T1   
T2’  T2 T6  
T3’ T3 T3 T1 T1 
T4’ T4 T4 T2 T3 
T5’ T5 T5 T3 T4 
T6’ T6 T6 T4 T5 
T7’ T7 T7 T5 T2 
T8’ T8 T8 T7 T6 
T9’ T9 T9 T8 T7 
T10’ T10 T10 T9 T8 
T11’ T11 T11 T10 T9 
T12’ T12 T12 T11 T10 
 
3.2. Materials with MWW topology 
The MCM-22 structure and the atom numbering scheme (following the Database of 
Zeolite Structures) [20] are shown in Figure 10. The channel system including two 10-
membered rings (MR) (10-MR sinusoidal and 10-MR crossing windows), as well as the 
12-MR supercage and Li
+
 cation positions are also shown. The unit cell parameters of 
MCM-22 were taken from Ref. [20] (a=b=14.39 Å, c=25.20 Å, and ==90o, =120o) 
and they remain the same for MCM-22P, except for the c direction which was adjusted to 











FIGURE 10. Structure of MCM-22 framework, numbering scheme and extra-framework 
cation positions; view along the a (or b) direction (a) and view along the c direction (b). 
O and Si atoms are depicted in red and gray color, respectively. 
 
3.3. 3D and 2D zeolites with MFI topology 
The MFI structure with numbering scheme taken from the Database of Zeolite Structure 
[20] and its channel system is shown in Figure 11. The 2D ZSM-5 structure was obtained 
from 3D ZSM-5 zeolite (Database of Zeolite Structure) by cutting along the ac plane at 
the middle of the zigzag channel, where the density of T-O-T bond is the lowest. That 
results in the slab thickness of approximately 21 Å. This structure also retains channels 
connecting upper and lower surfaces (unlike IPC-1P and MCM-22P). External surfaces 
were saturated by silanol groups. The unit cell parameters of 3D ZSM-5 (a=20.090 Å, 
b=19.738 Å, c=13.142 Å, and ===90o) were taken from Ref. [20]. The calculations 
on 2D ZSM-5 were performed with the fixed the a and c lactic vectors (using values from 






Chapter 3. Zeolite models 
 
FIGURE 11. Numbering scheme and channel systems of MFI zeolite 
 
3.4. FAU zeolite and layered FAU material 
The FAU zeolite was represented by a reduced unit cell with the composition 
Si35Al13Na13O96 (Si/Al=2.69:1) and cell parameters α=β=γ=60 degree and a=b=c=17.37 
Å. The structure with six different positions of extra-framework cations in faujasite is 
shown in Figure 12.  
A periodic slab model consisting of layers of FAU zeolite was terminated with 
either D6R or S6R structural units (Figure 13). A vacuum of about 10 Å was introduced 
to avoid inter-layer interactions; resulting model (Si60O126H11Na composition) have 
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FIGURE 12. The structure of faujasite (FAU); extra framework cation sites (depicted as 
purple balls) sites are labeled with Roman numerals. O and Si atoms are depicted in red, 




FIGURE 13. Model of a layered FAU zeolite terminated with D6R-S6R structural units 
exchanged with Na
+













The most of the calculations were performed at the density functional theory (DFT) level 
accounting for the dispersion energies using various approaches, including non-local 
DFT (vdW-DF2) [44, 45], DFT with empirical dispersion corrections (DFT-D2, DFT-
D3) [46, 47], and DFT corrected based on the coupled cluster reference calculations 
(DFT/CC) [48-50]. 
 
4.1. DFT methods 
Compared to the wave function based methods such as Hartree Fock (HF), Configuration 
Interaction (CI), Møller-Plesset PerturbationTheory up to n
th
 order (MPn) and Coupled 
Cluster (CC) which are based on a many-electron wave function depending on 4N 
variables, DFT methods are based on electron density  depending on three (or six, in 
case of spin-polarized densities) spatial variables: 
(𝑟) = 𝑁 ∫ … ∫|(?⃗?1, ?⃗?2, … , ?⃗?𝑁)|
2 𝑑𝑠1𝑑?⃗?2 … 𝑑?⃗?𝑁 ,  (3) 
where N is a number of electrons and  is the wave function of the system containing N 
electrons in which each electron has spin si and spatial position ri. The density functional 
theory is based on two theorems of Hohenberg and Kohn [51] and a computational 
implementation subsequently proposed by Kohn and Sham [52]. The first theorem shows 
that the ground-state electron properties such as wave function, energy, etc. are uniquely 
determined by the electron density and the second theorem shows that the electron 
density obeys the variational principle. The functional can be written within the Born-
Oppenheimer approximation as follows: 
𝐸[𝜌(𝑟)] = 𝑇𝑛𝑖[𝜌(𝑟)] + 𝑉𝑛𝑒[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] + ∆𝑇[𝜌(𝑟)] + ∆𝑉𝑒𝑒[𝜌(𝑟)] ,  (4) 
where 𝑇𝑛𝑖[𝜌(𝑟)] is the kinetic energy of the non-interacting electrons, 𝑉𝑛𝑒[𝜌(𝑟)] is the 
nuclear-electron interaction, 𝑉𝑒𝑒[𝜌(𝑟)] is the electron-electron repulsion, ∆𝑇[𝜌(𝑟)] is the 
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∆𝑉𝑒𝑒[𝜌(𝑟)] is the non-classical corrections to the electron-electron repulsion energy. 
While the first three terms in Eq.4 can be calculated exactly, the exact form of last two 
terms, also referred as exchange correlation functional 𝐸𝑥𝑐[𝜌(𝑟)] , is not known. 
𝐸𝑥𝑐[𝜌(𝑟)] contains a correction to kinetic energy deriving from interacting nature of 
electrons in real system and all non-classical correction of electron-electron interaction, 
including  self-interaction correction, exchange and correlation. The accuracy of solution 
of Eq. 4 strongly depends on the form of a particular exchange correlation functional. 
The exact form of the exchange-correlation functional is not known and we have to rely 
just on the approximate formula. The most widely used is a local density approximation 
(LDA) where the functional depends only on the density: 
𝐸𝑥𝑐[𝜌(𝑟)] = ∫ 𝜀𝑥𝑐[𝜌(𝑟)] 𝑑𝑟  ,  (5) 
where 𝜀𝑥𝑐[𝜌(𝑟)] is the exchange-correlation energy per particle. However, the exchange-
correlation energy per particle εxc[ρ(r⃗)] should depend on spin densities in the whole 
space and not only on the value at the integration point r. A simple way to improve the 
exchange correlation functional is to make it dependent not only on the local value of the 
density but also on the gradient of the density at the coordinate where the functional is 
evaluated leading to the generalized gradient approximation (GGA).  
𝐸𝑥𝑐[𝜌(𝑟)] = ∫ 𝜀𝑥𝑐[𝜌(𝑟), 𝛻𝜌(𝑟)] 𝑑𝑟 ,   (6) 
Several approaches have been made to find expressions for the exchange correlation 
functional, for example Becke-Lee-Yang-Parr (B-LYP) [53, 54], Perdew-Wang 
(PWGGA) [55], Perdew 86 (P86) [56],  Perdew-Burke-Ernzerhof (PBE) [57]. In this 
work, the GGA exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE) [57] 
have been applied because it is widely used in solid state calculations and provide 
reliable results [36, 44, 48, 58-60]. 
However, neither local LDA nor semi-local GGA functionals can describe correctly 
non-local dispersion interactions. Therefore, the dispersion correction methods have been 
introduced to account in some way for dispersion interactions. Various methods currently 
in use for accounting dispersion interactions at the DFT level can be classified into three 
groups: (i) method explicitly considering interactions between electron densities at 
different regions – these include non-local vdW functionals (e.g., vdW-DF) [61], (ii) 
corrections based on atom-electron effective potentials, e.g., dispersion-corrected atom-





Chapter 4. Methods 
atom dispersion corrections (e.g., DFT-D [63, 64] or DFT/CC [65]). The currently most 
popular methods are vdW DFT (vdW-DF) functionals and semiempirical atom-atom 
dispersion correction methods (DFT-D) and DFT/CC because they produce results in 
reasonably good agreement with experiment.  
 
4.2. Non-local vdW functionals  
Non-local functionals are based on explicitly interacting electron densities; therefore, this 
is non-empirical way to calculate the dispersion energy for arbitrary systems. In this 






𝑁𝐿 ,  (7) 
where standard exchange and correlation terms of local density approximation (LDA) 
and generalized gradient approximation (GGA) are calculated for short-ranged parts and 
𝐸𝑐





∬ 𝜌 (𝑟)(𝑟, 𝑟′)𝜌(𝑟′)𝑑𝑟𝑑𝑟′ .  (8) 
The different variants of vdW-DF differ in the choice of the nonlocal correlation kernel 
(𝑟, 𝑟′) and it is based on local approximations to the dipole polarizability at frequency 
ω [i.e., α(r, ω)], which when integrated, yields the total polarizability α 
𝛼() = ∫(𝑟,)𝑑𝑟 .  (9) 
 
4.3. Atom-atom dispersion corrections (DFT-D)  
DFT-D type corrections are based on an atom-atom pairwise representation of 
(empirical) dispersion contributions with the general form 
𝐸𝑑𝑖𝑠𝑝




𝑛𝑛=6,8,10,…𝐴𝐵 𝑓𝑑𝑎𝑚𝑝(𝑅𝐴𝐵),   (10) 
where the sum is over all atom pairs in the system, 𝐶𝑛
𝐴𝐵 is the averaged (isotropic) n
th
-
order dispersion coefficient (orders n = 6, 8, 10, . . .) for an atom pair AB, RAB is 
internuclear distance, sn is global scaling factors and it is used to adjust the correction to 
the repulsive behavior of the chosen density functional, and 𝑓𝑑𝑎𝑚𝑝(𝑅𝐴𝐵)  is damping 
function which is used to avoid double-counting effect of correlation at short and 













  ,  (11) 
where 𝑅0
AB  is a cutoff radius for an atom pair AB, sr,n is global scaling factor, and γ is a 
global constant that determines the steepness of the functions for small R. 
 
4.4. DFT/CC method  
This method uses atom-centered pairwise corrections to account for the errors in the DFT 
interaction energies from the difference between the interaction energies of reference 
systems calculated using a high level coupled cluster method (CCSD(T)) and low level 
DFT 
∆𝐸 = 𝐸𝐶𝐶𝑆𝐷(𝑇) − 𝐸𝐷𝐹𝑇  ,  (12) 
and the correction to the DFT interaction energy is expressed in terms of atom-atom 
correction functions 
∆𝐸 = ∑ ∑ 𝜀𝑖𝑗(𝑅𝑖𝑗)𝑗𝑖  ,  (13) 
where Rij is the distance between atoms i and j. There is no assumption about the 
functional form of εij; instead the reciprocal-power reproducing kernel Hilbert space 
interpolation is used [50]. 
 
4.5. Calculations details 
Calculations for all zeolites were carried out in parallel for 2D and 3D structures. 
Aluminum was placed subsequently to each of symmetry non-equivalent framework T 
positions (replacing Si) and a minimum energy structure of charge-compensating cations 
(Li
+
 for Lewis acid sites and H
+
 for Brønsted acid sites) was searched. For the 
energetically most stable Lewis and Brønsted sites found for each Al position the CO or 
TMPO adsorption complexes were further investigated. 
For CO adsorption complexes, the CO frequencies were calculated with 𝜔𝐶𝑂/𝑟𝐶𝑂 
correlation methods [66]. While the CO stretching frequency calculated at the DFT level 
(within the harmonic approximation) cannot give the results which are comparable with 
experimental spectra, the 𝜔𝐶𝑂/𝑟𝐶𝑂  method produces the CO frequency with very high 
accuracy. In this method, CO bond lengths (rCO) obtained at the DFT level is correlated 
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spectroscopic accuracy at different environments [29]. Based on 𝜔𝐶𝑂/𝑟𝐶𝑂  scaling 
method, the CO stretching frequencies are computed from equation below: 
𝐶𝑂[𝑐𝑚
−1] = 𝑎𝑟𝐶𝑂[Å] + 𝑏 +  +  ,  (14) 
where a, b were obtained from a linear interpolation between CCSD(T) frequencies and 

















 is a particular cation).    is the 





−CO) model was used for  correction. 
The same strategy described for a CO frequency was used to calculate vibrational 
frequencies of Brønsted OH groups before and after CO adsorption. However, the 
anharmonicity of the Brønsted OH  is not assumed to be constant. The OH vibrational 
frequencies are calculated as [67]  
𝑂𝐻[𝑐𝑚
−1] = 𝑎𝑟𝑂𝐻[Å] + 𝑏 +   ,  (15) 
where  = -50 cm-1 is correction for errors of coupled cluster method. Anharmonicity 
was evaluated using numerical integration for one-dimensional grid.  
For TMPO adsorption complexes, The 
31
P NMR chemical shift parameters were 
calculated using the gauge including atomic orbital (GIAO) [68] approach and referenced 
to that of physisorbed TMPO of 37 ppm. These calculations were carried out with 2T 
cluster model ((OH)3Al-OH-Si(OH)3) the structure of which were taken from the 
geometry optimized with the periodic model.  
The periodic calculations were performed at DFT level using the projector 
augmented wave approximation (PAW) [69, 70] and the plane wave basis set with a 400 
eV kinetic energy cut-off. Brillouin-zone sampling was restricted to the Γ point. 
Calculations were performed with the VASP program package (version 5.3.3) [71, 72]. 
The structure optimizations were carried out with relaxed ions and a frozen unit cell. 
Calculations on cluster models were performed at DFT level with cc-pVTZ basis set 
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Chapter 5 
 
Results and Discussion 
 
The main advantage of 2D zeolites with respect to 3D ones is the increased accessibility 
of active sites. Diffusion of reactants towards the active site (and diffusion of products 
towards the external surface) is significantly improved and even bulkier molecules can 
reach active sites. Clearly, 2D zeolites can be used even for the catalysis of large 
reactants, e.g., in biomass conversion. An important question that remains to be answered 
is whether the active sites in a 2D zeolite are the same as those in the corresponding 3D 
zeolite.  
When comparing catalytic performance of 2D and 3D zeolites three major issues 
must be addressed: (i) Diffusion is much more facile and therefore, better catalytic 
performance of 2D zeolite should be observed. (ii) 2D zeolites for catalysis are obtained 
by pillaring; part of the active sites is unavoidably destroyed during the pillaring. Thus 
2D zeolites typically contains lower concentration of active sites than 3D ones and that 
can result in the decrease of catalytic performance of 2D zeolites. (iii) The activity of 
corresponding sites (either Lewis or Brønsted) in 3D and 2D is not necessarily the same. 
The local environment is slightly different in 2D zeolites than in 3D ones and it can result 
in either increased or decreased catalytic performance. It is the goal of this theoretical 
investigation to shed light on the differences in activity of sites in 2D and corresponding 
3D zeolites.  
This section is organized as follows: first the Lewis acidity of 2D and 3D zeolite is 
discussed followed by the discussion of Brønsted acidity. Finally we present 
computational results obtained for catalytic activity of hierarchical zeolites. All 
calculations presented below are compared with relevant experimental data; both results 
from literature as well as experimental results obtained by collaborating experimental 
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5.1. Understanding the Lewis acidity in 3D and 2D zeolites 
Lewis acid sites in zeolites are represented by metal cations exposed towards the void 
space in the zeolite channel system. These can be either defective sites of framework Al
3+
 
that is not fully coordinated to the surrounding framework (not considered herein) or they 
are formed by extra-framework metal cations charge-compensating framework aluminum 
(see Section 2.2). The Lewis acidity of an extra-framework cation strongly depends on its 
localization inside the zeolite and its coordination with the zeolite framework oxygen 
atoms (coordination number, CN, is defined as number of framework oxygen atoms 
directly interacting with extra-framework cation). In general, the higher is CN the lower 
is Lewis acidity of the site. It follows that the Lewis acidity of a cation can be roughly 
estimated from their location and coordination. Two types of extra-framework cation 
sites can be distinguished in zeolites [42] and they are shown in Figure 14: (i) type I sites 
where the cation is placed in one of the zeolite channels on top of a ring located on the 
surface of the channel wall, and (ii) type II sites located at the intersection of two 
channels (intersection sites), where the cation is placed on the edge formed by the two 
intersecting channels. Cations located at channel intersection (type II) are typically 
coordinated to only two framework oxygen atoms and they are well exposed into the void 
space at the channel intersection. Cations located in the channel wall sites (type I) are 
placed closer to the channel surface and they interact strongly with as many framework 
oxygen atoms as possible. It follows that, in general, cations in intersection sites (type II) 
show higher Lewis acidity that is reflected in their stronger ability to bind molecules 
from the gas phase (a larger heat of adsorption and larger changes in vibrational 
dynamics of adsorbed molecules) and in improved catalytic activity. The largest 
differences in adsorption heat and larger frequency shifts were observed for smaller 
extra-framework cations such as Li
+
 (see e.g., Refs [73, 74]) and Mg
2+
 (see, e.g., Refs 
[75, 76]). This is why the study presented here has been carried out for 3D and 2D 
zeolites in their lithium form. It is shown below that, adsorption energies and stretching 
frequencies of adsorbed CO probe molecule both depend on the Li-zeolite interaction 
(coordination) and they allow us to understand differences in Lewis acidity of 3D and 2D 
zeolites. 
Note that the localization and coordination of extra-framework cations in zeolites 
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aluminum is typically randomly distributed, also the charge-balancing cations (always in 
the vicinity of AlO4
-
 tetrahedron) are randomly distributed and cannot be determined by 
diffraction techniques. Information about the cation localization and coordination 
presented here is based on computational investigation; it is therefore critical to evaluate 
relevant experimental observable also computationally with high accuracy. Our 
investigation is based on accurate calculations of vibrational dynamics of adsorbed probe 
molecule (using ω/r correlation described in Section 4.5) and adsorption enthalpies. 
Calculated values are always compared with experimental data (IR and 
microcalorimetry) obtained for the same zeolite with the same Si/Al ratio. 
To understand the similarities and differences between Lewis acidity in 3D and 2D 
materials we have investigated three sets of 3D/2D zeolites: IPC-1P based, MWW, and 




FIGURE 14. Two types of LA sites in zeolite: a) the type I site, b) the type II site. 
 
5.1.1. 3D UTL vs. 2D IPC-1P zeolites 
The results obtained for 3D Li-UTL and 2D Li-IPC-1P zeolites are reported first. Note 





Chapter 5. Results and Discussion 
and Li-IPC-1P but also for Li-OKO and Li-PCR zeolite; the latter results will be 
discussed in section 5.1.2.  
All calculations on CO/Li-zeolite systems were carried out at the DFT/CC level of 
theory (see Section 4.4) that has been shown to give highly accurate results. Details of 
these calculations including accuracy assessment can be found in Ref. [77] (Attachment 
A). The DFT/CC method has been shown to outperform (for this particular set of 
systems) conventional DFT and DFT-D methods based on GGA functionals as well those 
based on vdW-DF non-local functionals. CO stretching frequencies were calculated with 
the ω/r correlation (Section 4.5). 
The most stable Li
+
 sites in the vicinity of Al in each nonequivalent framework T’ 
site (note that we use the numbering scheme define in section 3.1) are reported in Table 
2; both, the site type notation and distances to adjacent framework oxygen atoms are 
given. Comparing the most stable Li
+
 cation positions in UTL and IPC-1P, it is apparent 
that Li
+
 cation positions and coordination number (CN) are the same in both materials 
when framework Al atom is in T3’, T4’, T5’, T8’, T9’, and T11’ (Figure 9). Since these 
sites are clearly defined by the 2D layer and they are not affected by the inter-layer linker 
they will be denoted “layer sites”. On the contrary, when framework Al atom is in T6’, 
T7’, T10’, and T12’, a site type and a coordination number change between UTL and 
IPC-1P. These sites will be denoted “inter-layer sites”; note that such sites are not 
necessarily located in the inter-layer region, however, their relative stability (and thus 
populations) are affected by the inter-layer linkers. 
To understand the effect of 3D → 2D transition of zeolites on the Lewis acidity, the 
adsorption complexes with CO (weak base) were investigated for all Li
+
 sites described 
above. Adsorption enthalpies and stretching frequencies of CO are summarized in Figure 
15 and examples of adsorption complexes formed on 3D and 2D materials are given in 
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TABLE 2. The most stable Li
+
 sites found for all possible Al positions in Li-IPC-1P, Li-
UTL, Li-OKO, and Li-PCR; Li distances (Å) to framework oxygen atoms (Of) smaller 












1.98, 2.02, 2.19 
M8b 
1.86, 1.97, 2.16 
M8b 
1.87, 2.02, 2.05 
M8b 














1.93, 1.96, 2.08 
M8b 
1.94, 1.95, 2.08 
M8b 
1.91, 1.94, 2.15 
M8b 




1.92, 1.95, 2.18 
M8b 
1.91, 1.93, 2.02 
M8b 
1.93, 1.94, 2.03 
M8b 




1.94, 2.01, 2.02, 
2.23 
M8b 
1.94, 1.99, 2.07, 
2.18 
M8b 
2.00, 2.05, 2.12, 
2.13 
M6b 





1.93, 1.93, 2.07 
M6b 
1.97, 2.00, 2.21 
M6b 
1.95, 2.01, 2.32 
M6b 










1.89, 2.01, 2.04 
P6 
















1.93, 2.07, 2.11, 
2.11 
P5’p 
1.90, 1.94, 1.95 
P5’ 
1.83, 2.01, 2.04 
P6’ 





1.92, 1.99, 2.07 
M8b 
1.89, 1.98, 2.10 
M8b 
1.89, 2.03, 2.09 
P6 
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FIGURE 15. CO adsorption energies (lower part) and CO stretching frequencies (upper 
part) for the most stable Li
+
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FIGURE 16. The CO adsorption complexes in the most stable position of Li cation in 
IPC-1P, UTL, OKO and PCR (from left to right); shown for Al in T4’ (a-d); T3’ (e-h); 
T10' (i-l) and T7’ (m-p). The Al, O, and Si atoms are depicted in black, red and grey 
color, respectively while Li, C, and O atoms are depicted as purple, grey and red balls, 
respectively.  
 
It is apparent that the Lewis acidity of Li
+
 at inter-layer sites is strongly affected by 
the 3D  2D transition as can be quantified by the shifts of CO stretching frequency and 
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lower and CO stretching frequencies are about 20 cm
-1
 lower in 2D IPC-1P than in 3D 
UTL. The decrease is mostly due to the loss of channel intersection (channels are not 
present) and increased coordination of the Li
+
 cation with the 2-D framework. 
Considering the case with Al in T’10 (Figure 16) in detail, ΔH
0
 calculated for 3D and 2D 
systems are -38.3 and -21.8 kJ mol
-1
 (Figure 15), respectively, about 6 kJ mol
-1
 of this 
16.5 kJ mol
-1
 difference is due to the smaller contribution of dispersion terms in 2D case, 
the remaining part must be attributed to the improved coordination of Li
+
 with the 
framework that changes from three to four (P5’ and S8b sites, respectively, Table 2). 
Note that even in this case, where the effect of the changed dispersion is the largest, the 
difference is mostly determined by the Li
+
 coordination with the framework. Situation is 
rather different for layer sites that show small change of ΔH
0
 and νCO; the difference in 
adsorption enthalpies does not exceed 3 kJ mol
-1
 and νCO is not changed by more than 5 
cm
-1
. Note that small changes in the adsorption enthalpy do not correlate with changes of 
νCO;  the decreased νCO is thus attributed to the effect from the top – electrostatic 
interaction between adsorbed CO and the framework oxygen atoms on the opposite site 
of the zeolite channel (increasing the CO frequency) is missing in 2D IPC-1P. 
Calculated results are in good agreement with experimental data reported in Ref. 
[78] (Attachment B); experimental data will be discussed in Section 5.1.2. together with 
the results obtained for other zeolites of IPC-1P family. It should be stressed that 
computational results were confirmed by the experimental investigation and they show 
that the Lewis acidity of 2D IPC-1P decreases compared to parent 3D UTL zeolite. This 
decrease is mostly due to the fact that intersection Li
+
 sites present in UTL do not exist in 
IPC-1P; intersection sites (type II) show higher Lewis acidity than channel wall sites 
(type I). In addition, the presence of surface silanols on IPC-1P results in improved cation 
coordination with framework oxygen atoms, therefore, even the Lewis acidity of  Li
+
 at 
channel wall sites is slightly lower in IPC-1P than in parent UTL zeolite. 
 
5.1.2. 3D and 2D zeolites derived from IPC-1P – effect of zeolite pore size on Lewis 
acidity 
The zeolites of IPC-1P family (see section 2.1.1) – IPC-1PI, UTL, OKO, and PCR – 
constitute a unique set of adsorbents with the same dense 2D layers separated by different 
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on how the pore diameter affects the coordination of extra-framework cations and how 
that affects their Lewis acid strength. The structures of all four materials discussed here 
consist of identical 2D dense layers that are interconnected differently into 3D materials 
(Figure. 3): (i) IPC-1PI pillared material contains 2D IPC-1P layers (containing 
framework Al and thus extra-framework cations); the void space above the adsorption 
site is large compared to the size of the adsorbate and adsorption on Li-IPC-1PI can be 
viewed as an adsorption on thin 2D IPC-1P layer. (ii) IPC-1P layers in UTL are 
connected by D4R units, forming relatively large 14R and 12R interconnected channels. 
(iii) Connection of IPC-1P layers with S4R, zeolite OKO, results in 12R x 10R channel 
system. (iv) Direct condensation of IPC-1P layers (linked simply by oxygen atoms) gives 
PCR zeolite with 10R x 8R channels. While these four materials differ in the pore size 
(decreasing in the order IPC-1PI > UTL > OKO > PCR) they have very similar topology 
– layer sites defined above (Al in T3’, T4’, T5’, T8’, T9’, T11’) are not much effected by 
the inter-layer linking and they are expected to be very similar in all four systems. On the 
contrary, inter-layer sites (T6’ and T7’ – adjacent T-atoms to inter-layer linker; T10’ and 
T12’ – bridging T6’ and T7’ T-sites) depends on the way how IPC-1P layers are linked 
together and they are expected to have different properties. Note that this section is not 
explicitly devoted to the investigation of the differences between 3D and 2D zeolites but 
the results are interesting and relevant enough to describe them here. We will return to 
3D vs. 2D problem in next section. 
Calculated results for all four zeolites are summarized in Table 2 (Li
+
 coordination), 
Figure 16 (examples of adsorption complexes) and Figure 15 (CO adsorption enthalpies 
and frequencies) in previous section. More details can be found in Ref. [78] (Attachment 
B). Computational work has been carried out in close collaboration with experimental 
investigation carried out by other research groups. Experimental IR spectra in the CO 
stretching region are presented in Figure 17 and experimental adsorption heats are shown 
in Figure 18. An excellent agreement between experimental and theoretical data is 
apparent. Simulated IR spectra presented as insets in Figure 17 show not only perfect 
match of band maxima but also the band shapes and their dependence on surface 
coverage agrees remarkably with experimental data. Calculated adsorption heats (Table 2 





Chapter 5. Results and Discussion 
 
FIGURE 17. FTIR spectra of CO adsorbed at liquid nitrogen temperature on Li-IPC-
1P (a), Li-UTL (b), Li-OKO (c), and Li-PCR (d). The intensity of spectra obtained 
upon CO adsorption decreases with evacuation. Insets in individual panels show 
theoretical spectra at corresponding Li-zeolites calculated for 0.75, 0.50, 0.25, 0.10, 
and 0.05 coverages (CO:Li ratio) in cyan, green, blue, red, and black, respectively. 
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A good agreement between experimental and theoretical results entitles us to draw 
following conclusions: 
(i) The highest Lewis acid strength has been found for Li
+
 cation coordinated to only 
two framework oxygen atoms at the intersection of two channels where Li
+
 cation is 
located at the void space of the intersection. Such sites can only exist on the intersection 
of channels of the sizes larger than 8R – they only exist in Li-UTL and Li-OKO (having 
14Rx12R and 12Rx10R channel systems, respectively). Intersection sites do not exist in 
Li-PCR (intersection of 10R and 8R channels) and they cannot exist in IPC-1PI. Thus, 
Li-UTL and Li-OKO have the strongest Lewis acid sites. 
(ii) Evaluation of Lewis acid strength based on adsorption heats could be misleading; 
apart from (mostly electrostatic) interaction with the extra-framework cation there is a 
significant contribution from dispersion interactions between adsorbate and zeolite 
framework. Due to a good “fit” of CO into the 10Rx8R channel system of Li-PCR the 
dispersion component for this system is significantly larger than for other investigated 
zeolites and the largest adsorption heats were measured (and calculated) for Li-PCR, 
despite the fact that there are no sites with large Lewis acid strength at the channel 
intersection. 
(iii) A detail analysis of Li
+
 sites defined by 2D dense layers shows that Lewis acid 
strength depends on the channel dimension: Li
+ 
cations in smaller channels show slightly 
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FIGURE 18. Adsorption heats of CO on Li-zeolites and Li-IPC-1PI measured by 
microcalorimetry at -100°C as a function of coverage. 
 
5.1.3. 3D vs. 2D zeolites with MWW topology 
Compared to IPC-1P the thickness of MCM-22P layer is larger than the thickness of IPC-
1P layer (25 Å and 10 Å, respectively) but the silanol desity is lower in MCM-22P than 
in IPC-1P (90 Å
2
 per silanol and 43 Å
2
 per silanol, respectively). These differences result 
in a higher flexibility of the IPC-1P layer than the MCM-22P layer. Higher density of 
surface silanols also lead to large number of possible inter layer arrangements; while 
there are eight arrangements between IPC-1P layers [79], three are only three 
arrangements between MCM-22P layers [80] (Attachment C). It is therefore important to 
understand the effect of layer thickness and surface silanol density on the character of 
active sites. The Lewis acid properties of Li
+
 sites in 3D and 2D materials are discussed 
herein. 
The most stable Li
+
 sites in the vicinity of Al in each nonequivalent framework T 
site are reported in Table 3 including the site type notation and distances to adjacent 
framework oxygen atoms. Al in T7 is not considered since Al is located in a small cage 
which is inaccessible for probe molecule. 
As can be seen from Table 3 the Li
+
 sites and coordination numbers are the same in 
MCM-22 and MCM-22P, except for the case of Al in T6, where the Li
+
 cation is located 
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in 10-membered ring in MCM-22 but this site does not exist in the MCM-22P; it become 
intersection site (type II) and coordination number changes from three in MCM-22 to two 
in MCM-22P (Figure 19 e, f). In both materials Li
+
 cation is preferentially located in type 
I sites. There are only two cases where Li
+
 cation is localized in type II site (Al in T1 and 
T4).  
 
TABLE 3. The Li
+
 cation sites and Li-Of distances (in Å) of the most stable Li
+
 sites in 









 r(Li..Of)  Li
+
 site r(Li..Of) 
T1 I2 1.870, 1.871  I2 1.869, 1.870 
T2 Sup6 1.951, 1978, 2.030, 2.303   Sup6 1.948, 1.969, 2.041, 2.327 
T3 Bsup6 1.973, 1.976, 2.210, 2.226  Bsup6 1.976, 1.983, 2.244, 2.252 
T4 I2 1.860, 1.861  I2 1.850, 1.852 
T5 Sup6 1.969, 2.024, 2.114, 2142  Sup6 1.976, 2.003,2.125, 2.184 
T6 Cros10 1.859, 2.031,2.044  I2 1.817, 1.843 
T8 Sin5 1.897, 1.905, 2.029  Sin5 1.892, 1.914, 2.044 
a
 Notation of Li
+
 sites is shown in Figure 10. 
 
Adsorption of CO was investigated for both 3D and 2D zeolites; adsorption 
enthalpy and CO stretching frequencies are reported in Table 4 and examples of CO 
adsorption complexes formed on MCM-22 and MCM-22P are illustrated in Figure 19. 
Similar to 3D and 2D-UTL systems, only C-down adsorption complexes were considered 
and CO adsorption energies were calculated at the DFT/CC level (see section 5.1.1). 
It is obvious that the CO stretching frequencies are in the same range (2178-2195 
cm
-1
) in both MCM-22 and MCM-22P and also adsorption enthalpies are very similar (in 
the range from -26 kJ mol
-1
 to -42 kJ mol
-1
) in both materials. The observed differences 
of adsorption enthalpies and CO stretching frequencies between particular sites in MCM-
22 and MCM-22P do not exceed 2 kJ mol
-1
 and 4 cm
-1
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complexes formed in both MCM-22 and MCM-22P zeolite can be classified into two 
groups: (i) The highest CO frequencies in the range of 2192-2195 cm
-1
 and the highest 
adsorption enthalpies (from -39.5 to -42.4 kJ mol
-1
) are observed for complexes formed 
on Li
+
 cations in intersection sites (type II); this corresponds to Al in T1 and T4 (Figure 
19 a and b). (ii) The lower CO frequencies (2178-2188 cm
-1
) associated with the lower 
adsorption enthalpies (from -26 to -39 kJ mol
-1
) are observed for CO adsorption on Li
+
 
cations located in the channel wall sides; this corresponds to framework Al at T2, T3, T5, 
and T8 (Figure 19).  
 
TABLE 4. Characteristics of CO adsorption complexes formed on the most stable Li
+
 
sites (the number in parentheses is the coordination numbers of Li
+
 cation with 
framework oxygen) in MCM-22 and MCM-22P. CO frequencies are in cm
-1
, and 














 site νCO ΔH
0
(0K) 
T1 I2(2) 2195 -42.4  I2(2) 2194 -40.3 
T2 Sup6(4) 2178 -26.8  Sup6(4) 2178 -26.9 
T3 Bsup6(4) 2181 -31.1  Bsup6(4) 2180 -26.7 
T4 I2(2) 2195 -39.5  I2(2) 2192 -38.3 
T5 Sup6(4) 2180 -26.4  Sup6(4) 2179 -26.1 
T6 Cros10(3) 2188 -36.1  I2(3) 2192 -34.6 
T8 Sin5(3) 2186 -39.7  Sin5(3) 2186 -39.3 
a
 Notation of Li
+
 sites are shown in Figure 6.
 
 
The theoretical results are in excellent agreement with experimental IR spectra [81] 
presented in Figure 20. Peaks at 2195 and 2185 cm
-1
 are evident for both 2D and 3D 
materials. It can be safely concluded that the Lewis acidity of Li
+
 cations is not affected 
by transformation from 3D MCM-22 to 2D MCM-22P; both the site types and 
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FIGURE 19. CO adsorption complexes of MCM-22 (left column) and MCM-22P (right 
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FIGURE 20. The IR spectra of CO adsorption complexes in Li-MCM-22 (a) and Li-
MCM-36 (b), adapted from Ref. [81]. 
 
5.1.4. 3D vs. 2D zeolites with MFI topology 
Following the strategy used in previous subsections, the Lewis acidity of Li
+
 cations 
in 3D and 2D ZSM-5 zeolites was investigated. The most stable Li
+
 sites in the vicinity 
of Al in each of 12 different framework T sites of 3D- and 2D-ZSM-5 are reported in 
Table 5. Li
+
 cations are preferably located in type I sites in both materials. Location of 
Li
+
 is changed upon the 3D  2D transition in many cases, however, coordination 
numbers are always 3 or 4. Therefore, it is expected that the Lewis acidity of Li
+
 sites 
will be similar in both materials.  
The characteristics of CO adsorption complexes for 12 different framework T sites 
of 3D and 2D ZSM-5 are summarized in Table 6. It is shown that the adsorption 
enthalpies and CO stretching frequencies are on average higher in 3D ZSM-5 than those 
in 2D ZSM-5. This is mostly due to the contribution from the effect from the top which is 
higher in 3D-ZSM-5. The examples of CO adsorption complexes formed on 3D and 2D 
ZSM-5 are shown in Figure 21 for Al in T4 (Figure 21 a, b) and T9 (Figure 21 c, d). The 
largest difference in adsorption enthalpy can be observed for Al in T10 and T12 and it 
results from the change of cation location and change of its coordination. The largest 
change of adsorption enthalpy is found for Al in T10 (-36 and -22 kJ mol
-1
 for 3D and 2D 
ZSM-5, respectively); this large difference is due to improved coordination of Li
+
 in S6 
site and also due to partial loss of dispersion interaction in less dense 2D material. Rather 
unusual increase of adsorption enthalpy upon the 3D  2D transformation is observed 
for Al in T12 (-34 and -45 kJ mol
-1
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almost 18 kJ mol
-1 
increase of electrostatic interaction in 2D ZSM-5 compared to 3D 
ZSM-5; this increase is partially cancelled by decreased dispersion interaction. However, 
the general conclusions can be drawn that the Lewis acidity of Li
+
 are on average only 
slightly decreased due to the transformation from 3D ZSM-5 to 2D ZSM-5.  
 
TABLE 5. The Li
+
 cation sites and Li-Of distances (in Å) of the most stable Li
+
 sites in 




3D-ZSM-5  2D-ZSM-5 
Li
+
 site r(Li..Of)  Li
+
 site r(Li..Of) 
T1 M6 1.970, 1.997, 2.146  M6 1.995 2.107 2.185 
T2 M6 1.934, 1.950, 2.075  M5 1.912 1.987 2.028 
T3 M5 1.907, 1.909, 2.010  M5 1.898 1.926 1.961 
T4 Z8 1.901, 1.947, 2.065  S6 1.915 1.954 2.135 2.267 
T5 Z10 1.886, 2.005, 2.139 
 
Z10 1.875 1.977 2.075 
T6 Z5 1.887, 1.929, 2.040  M5 1.927 1.948 1.971 
T7 Z8 1.959, 1.960, 2.212  M4
a
 1.859 1.954 1.993 
T8 M6 1.944, 1.992, 2.137, 2.256  S5 1.890 1.995 2.061 2.235 
T9 M6 1.893, 2.026, 2.082  I2
a
 1.849 1.994 2.113 
T10 Z10 1.914, 2.070, 2.137, 2.163  S6
a
 1.950 1.966 2.106 2.157 
T11 M6 1.957, 1.970, 2.186, 2.259  M5 1.900 1.924 1.970 
T12 M5 2.023,2.042, 2.063, 20.89  S4
a
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TABLE 6. Characteristics of CO adsorption complexes formed on the most stable Li
+
 
sites (the number in parentheses are CN) in 3D ZSM-5 and 2D ZSM-5. CO frequencies 
are in cm
-1





3D-ZSM-5  2D-ZSM-5 
Li
+




 site νCO ΔH
0
(0K) 
T1 M6(3) 2187 -38.51  M6(3) 2183 -34.31 
T2 M6(3) 2188 -41.19  M5(3) 2190 -44.07 
T3 M5(3) 2189 -41.65  M5(3) 2188 -40.96 
T4 Z8(3) 2184 -39.23  S6(4) 2180 -30.61 
T5 Z10(3) 2185 -39.56  Z10(3) 2183 -31.67 
T6 Z5(3) 2189 -40.23  M5(3) 2188 -41.11 
T7 Z8(3) 2189 -40.91  M4(3) 2180 -32.98 
T8 M6(4) 2184 -33.58  S5(4) 2181 -33.62 
T9 M6(3) 2188 -37.27  I2(3) 2183 -33.88 
T10 Z10(4) 2178 -36.23  S6(4) 2176 -21.59 
T11 M6(4) 2186 -35.79  M5(3) 2188 -41.46 
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FIGURE 21. CO adsorption complexes of 3D-ZSM-5 (left column) and 2D-ZSM-5 
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5.2. Understanding the Brønsted acidity in 3D and 2D zeolites 
The research described in this Section is aimed at understanding the difference between 
the Brønsted acidity of 3D and 2D zeolites. Compared to alkali-metal exchanged zeolites, 
that find application mostly based on adsorption properties, the acid zeolites (H-zeolites) 
are the most important industrial catalysts. The same main factors reported in Section 5.1. 
must be taken into consideration for evaluation of the catalytic performance of 2D 
zeolites with respect to corresponding 3D zeolites: (i) increased mobility, (ii) decreased 
concentration of Brønsted sites, and (iii) a possible change of Brønsted acidity due to the 
3D  2D transition. The latter problem is difficult to be addressed experimentally due to 
the strong coupling of all three factors described above. Therefore, we have carried out a 
detail computational investigation of three systems – IPC-1P family zeolites, MWW 
zeolites, and MFI zeolites – considering always both 3D and 2D forms.  
In case of H-zeolite the charge compensating proton is always strongly bound to 
just a single framework oxygen atom adjacent to the framework aluminum. Two 
situations can be found in zeolites: (i) H
+
 points towards the void space in the channel 
system (Figure 22 a); these Brønsted sites are characterized by OH stretching frequencies 




 points towards another framework oxygen 
atom forming thus an intra-zeolite H-bond (Figure 22 b); this situation typically occur in 
5- or 6-rings located on the surface of the channel wall. These sites are characterized by a 
lower νOH, in the range of 3260- 3515 cm
-1
. 
The IR spectroscopy is the most popular experimental tool for the characterization 
of the Brønsted acidity in zeolites. The strength of acid sites is often correlated with the 
OH stretching frequencies υOH, the shift of these frequencies OH upon the adsorption of 
probe molecule or changes in the probe molecule (CO is again the most suitable one) 
vibrational frequencies CO upon adsorption. Also adsorption enthalpy ΔH of suitable 
probe molecule (CO) can be used for acidity characterization. It has been shown that the 
larger is OH, CO, and H the larger is Brønsted acid site strength. However, it has to be 
stressed that there are many exception to this simple rule and full understanding of 
acidity based only on experimental characterization is often impossible. This is why we 
have carried out this extensive computational investigation of Brønsted acidity of 3D and 
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The CO molecules preferentially form a linear O-H…C-O arrangement in 
adsorption complexes on Brønsted acid sites. In general, three types of CO adsorption 
complexes can be distinguished, depending on the localization of the BA site: (i) linear 
OH…CO complexes with isolated BA sites show the highest OH, CO, and H. (ii) 
Adsorption complexes where CO cannot form the linear adduct with OH due to the 
smaller pore size of the channel system; smaller values of OH, CO, and H can be 
expected. (iii) For the Brønsted sites with intra-zeolite H-bonding the proton has to move 
away from channel wall site into the void space to bind efficiently with CO; that results 
in the lowest OH, CO, and H. 
 
 
FIGURE 22. Two types of BA sites in zeolite: a) the type of isolated BA site, b) the type 
of H-bonding BA site 
 
5.2.1. 3D and 2D zeolites derived from IPC-1P – effect of zeolite pore size on 
Brønsted acidity. 
The zeolites of IPC-1P family consist of the same 2D layers of IPC-1P with different 
interlayer connectivity (Section 5.1.2) and different pore sizes. Therefore, the 
investigation in this part aims at understanding not only the effect of 3D  2D 
transformation but also the effect of the pore size on the BA properties.  
 The BA properties of these zeolites were investigated for each of 10 different 
framework T’ site (see Table 2 for detail of T’ notation); BA sites defined by the 2D 
layers (Al in T3’, T4’, T5’, T8’, T9’ and T11’) are denoted “layer sites” and BA sites 
affected by the interlayer linker (Al in T6’, T7’, T10’ and T12’) are denoted “inter-layer 
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characterized by the OH frequency, OH, (Figure 23) followed by the evaluation of 
characteristics related to the CO adsorption: the shift of OH frequency (Figure 24), the 
shift of CO stretching frequency and CO adsorption enthalpies (Figure 25). Examples of 
CO adsorption complexes are given in Figure 26. Our computational results are 
confirmed by experimental data obtained in collaboration with experimental groups 
(Figure 27).  
The OH frequency of bare BA sites can be grouped into two frequency ranges: (i) 
The high frequency range (3590-3640 cm
-1
) is characteristic for isolated BA sites (those 
not involved in intra-zeolite H-bonding); this is found for majority of BA sites in all four 
zeolites. (ii) The low frequency range (3326-3513 cm
-1
) is characteristic for BA sites 
where proton is involved in intra-zeolite H-bonding; such sites exist in all four zeolites 
but only in few cases with Al at inter-layer position and only in one case (Al in T8’ of 
UTL) for layer site. Only small differences in OH between individual BA sites and the 
existence of BA sites involved in H-bonding makes the analysis of Brønsted acidity 
based on OH of bare BA sites difficult or even impossible as has been also demonstrated 
for other zeolites [58]. 
 
        layer sites                                        inter-layer sites 
FIGURE 23. OH frequency of bare BA sites for 10 distinguishable framework Al 
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 To further investigate the BA properties, the CO adsorption complexes were 
evaluated at the most stable BA sites. Figure 24 shows that the shift of OH frequencies 
upon the CO adsorption in zeolites of IPC-1P family is about 300-350 cm
-1
 (note that we 
do not consider BA sites where proton is involved in intra-zeolite H-bonding). This 
observation is in good agreement with previous studies for other zeolites [44, 82]. The 
shifts of OH stretching frequency gradually increases from IPC-1P to UTL to OKO 
(decreasing pore size) but this trend is not followed in cases of PCR. The CO stretching 
frequencies exhibit the same trend (upper part in Figure 25) – frequencies increase with 
decreasing pore size from IPC-1P to OKO and the trend is not followed in case of PCR. 
A similar trend can be observed for CO interaction energies but only for inter-layer sites: 
-E increases with decreasing channel sizes from IPC-1P to OKO and PCR is off this 
correlation. Situation is different for CO interaction energies on layer sites where -E 
increases in order IPC-1P < UTL < OKO < PCR. This nice correlation between 
interaction strength and channel size is due to increasing dispersion interactions with 
decreasing channel size (and corresponding increase of material density). Dispersion 
interactions between CO and zeolite framework are about -12 kJ mol
-1
 in case of PCR 
and they are below -9 kJ mol
-1
 for other zeolites. 
Considering the cases of Al in T4’ as an example of layer site (Figures 26a-26d), 
the adsorption enthalpies rise in a series of four zeolites, from IPC-1P (-27 kJ mol
-1
) to 
UTL (-31 kJ mol
-1
) to OKO (-32 kJ mol
-1
) and to PCR (-34 kJ mol
-1
). However, 
interaction energies at the PBE level (neglecting the dispersion contribution) increases in 
order IPC-1P ~ PCR (-21 kJ mol
-1
) < UTL ~ OKO (-24 kJ mol
-1
), showing thus important 
role of dispersion contributions. The CO stretching frequencies increase in order IPC-1P 
(2168 cm
-1
) < PCR (2177 cm
-1
) < UTL (2180 cm
-1
) < OKO (2182 cm
-1
). Lower values of 
electrostatic interaction energy and νCO can be attributed to nonlinerar arrangement of O-
H…CO adsorption complex in PCR (160º). The lowest values found for IPC-1P zeolite 
are due to the fact that CO is located in the open space above the zeolite layer (Figure 
26a) which leads to lower dispersion interactions and also to lower νCO due to the missing 
effect from the top. However, part of the differences between IPC-1P and 3D zeolite is 
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FIGURE 25. Adsorption energies and CO frequencies of CO adsorption complexes in 
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FIGURE 26. The CO adsorption complexes in the most stable BA sites in IPC-1P, 
UTL, OKO and PCR (from left to right); shown for Al in T4’ (a-d); T8’ (e-h); T6’ (i-l) 
and T12’ (m-p). The H, Al, O, C, and Si atoms are depicted in white, black, red, grey, 
and light gray color, respectively. 
 
The calculated CO stretching frequencies are well within the range of experimental 
IR spectra (Figure 27). However, the experimental IR band maxima are about 4 cm
-1
 
lower than averaged (for individual zeolites) calculated frequencies, similarly as found 
previously for other zeolites, e.g., Ref. [83] (Attachment D). The band at 2175 cm
-1
 with 
a distinct shoulder at 2163 cm
-1
 observed in experimental spectra for IPC-1P compares 
well with the calculated frequencies for IPC-1P (Figure 25); lower CO frequencies in 
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UTL and OKO have a band centered at 2176 cm
-1
, slightly higher than 2D IPC-1P; this is 
again in good agreement with calculated results (Figure 25). This agreement between 
experimental and computational results entitles us to conclude that the Brønsted acidity 
of 2D IPC-1P zeolite is just slightly lower than that in 3D UTL and OKO zeolites. 
Understanding of BA sites in PCR zeolite is more complicated; both experimental and 
computational data show that CO frequency is lower on BA sites in PCR than on those in 
OKO and UTL. Lower CO and OH stretching frequencies in PCR cannot be simply 
attributed to lower acidity. Increased dispersion interaction in PCR together with the 
smaller size of zeolite channels results in different geometries of CO adsorption 
complexes on BA sites in PCR – often non-linar O-H…CO complexes characterized by 
smaller electrostatic contribution than in other zeolites are formed. Consequently, the 
changes in CO and OH frequencies upon CO adsorption are also smaller and they cannot 
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5.2.2. 3D vs. 2D zeolites with MWW topology 
As mentioned in section 5.1.3 the Lewis acidity of Li
+
 cation is not affected by 
transformation from 3D to 2D MWW due to the layer thickness and lower silanol 
density. It remains to be seen whether Brønsted acidity is also the same in both 3D and 
2D MWW zeolites. The most energetically stable BA sites along with bond angle of Al-
O-Si, OH bond length, and OH stretching frequencies are reported in Table 7.  The 
characteristics of CO adsorption complexes with the most stable BA sites in 3D and 2D 
MWW are given in Table 8 and the examples of CO adsorptions are shown in Figure 28. 
 
TABLE 7. The Al-O-Si bond angle (deg.), OH bond distance (Å) and OH frequencies 
(cm
-1
) of the most stable Brønsted sites in the vicinity each of 8 different framework Al 





Al-O-Si rOH OH 
 
Al-O-Si rOH OH 
Al1_O3_Si4 128 0.9755 3629 
 
129 0.9757 3627 
Al2_O10_Si8 129 0.9756 3628 
 
132 0.9770 3610 
Al3_O13_Si3 132 0.9765 3617 
 
131 0.9759 3624 
Al4_O3_Si1 129 0.9759 3624 
 
130 0.9760 3623 
Al5_O8_Si5
a
 138 0.9919 3414 
 
138 0.9940 3386 
Al6_O2_Si1 128 0.9761 3621 
 
134 0.97791 3598 
Al7_O4_Si1
a
 128 0.9919 3413 
 
128 0.9919 3414 
Al8_O10_Si2 132 0.9753 3633 
 
131 0.9752 3634 
a
 BA site involved in intra-zeolite hydrogen bonding 
 
As can be seen from Table 7, the most stable BA sites in 3D MWW are the same (or 
very similar) as in 2D MWW for all considered framework Al positions – BA hydrogen 
is bound to the same framework oxygen atom and even other characteristics are similar. 
The differences in Al-O-Si bond angles and in OH stretching frequency between 3D and 
2D MWW does not exceed 6 deg. and 28 cm
-1
, respectively. It is important to note that 
the BA proton of Al7_O4_Si1 is localized inside of the small cage and thus it is not 
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TABLE 8. Characteristics of CO adsorption complexes with the most stable Brønsted 





, respectively.   
BA site 
3D  2D 
Hads OH CO  Hads OH CO 
Al1_O3_Si4 -28.1 349 2183  -26.9 325 2180 
Al2_O10_Si8 -33.1 314 2181  -32.2 304 2180 
Al3_O13_Si3 -32.8 339 2179  -32.8 334 2180 
Al4_O3_Si1 -28.7 358 2183  -27.3 334 2179 
Al5_O8_Si5
a
 -28.5 100 2178  -27.5 60 2177 
Al6_O2_Si1 -27.9 272 2177  -25.5 336 2166 
Al7_O4_Si1
a
 -9.5 5 2139  -9.9 0 2139 
Al8_O10_Si2 -33.8 306 2180  -32.8 310 2180 
a
 BA site involved in intra-zeolite hydrogen bonding 
 
The characteristics including adsorption enthalpies (Hads), the shift of OH 
stretching frequencies (OH) and CO stretching frequencies (CO) of CO adsorption 
complexes at the most stable BA sites described above are shown in Table 8. It is clearly 
demonstrated that the adsorption energy, CO frequencies and the shift of OH frequencies 
are similar in both 3D and 2D MWW. The examples of CO adsorption complexes in 3D 
and 2D MWW are given in Figure 28.  
Characteristics computed for 3D MWW can be compared to experimental ones 
[83]. Regarding computational results for the CO adsorption on BA sites of MCM-22 
system, O–H stretching frequencies are in very good agreement with experimental IR 
spectra for both, the bare Brønsted-acid sites and those involved in adsorption complexes 
with CO. Calculated C–O stretching frequencies are about 5 cm
-1
 overestimated with 
respect to experimentally observed band maxima. The comparisons between theoretical 
results and experimental data for MCM-22 can be found in Ref. [83] (Attachment D). 
There are no experimental results relevant to our investigation of properties of 2D MWW 
so far. Calculated CO stretching frequencies in 2D MWW are only slightly lower 





Chapter 5. Results and Discussion 
Based on an agreement between experimental and computational results for 3D MWW 
we can conclude that the Brønsteda acidity of 2D and 3D MWW is the same. 
 
 
FIGURE 28. CO adsorption complexes at the most stable Brønsted acid sites in 
MCM-22 (left column) and MCM-22P (right column),  shown for Al in T4 (a,b), T6 
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5.2.3. 3D vs. 2D zeolites with MFI topology 
Zeolite ZSM-5 (MFI topology) is among the most important industrial catalysts. In 
addition to 3D conventional ZSM-5 zeolite, hierarchical materials were also successfully 
synthesized recently, including lamellar 2D MFI (Section 3.3.). The BA properties of 3D 
and 2D ZSM-5 were investigated herein aiming at understanding of the change of BA 
properties upon 3D  2D transformation. Characteristics of the most stable BA sites for 
each Al position are given in Table 9. The characteristics of CO adsorption complexes 
formed at these BA sites in 3D and 2D ZSM-5 are presented in Table 10 and examples of 
CO adsorption complexes are presented in Figure 29. 
As can be seen from Table 9, the most stable BA sites in 3D and 2D ZSM-5 are 
distributed equally into two types, isolated site type with OH frequency in range of 3592-
3631 cm
-1
 and H-bonding site type with OH frequency in range of 3161-3432 cm
-1
. The 
BA sites can be affected in three different ways upon transformation from 3D to 2D-
ZSM-5: (i) There is no change both BA site type and BA location (framework oxygen 
atom where the BA proton binds to), corresponding to Al in T1, T3, T4, T10, T11, and 
T12. (ii) The BA sites keep unchanged the site type but proton move to another location 
of framework oxygen atom, cases of Al in T2, T6, T8, and T9. (iii) The change of BA 
location and this is associated with the change of BA site type when Al is in T5 and T7. 
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TABLE 9. The Al-O-Si bond angle (deg.), OH bond distance (Å) and OH frequencies 
(cm
-1
) of the most stable Brønsted sites in the vicinity of each of 12 distinguishable Al 
positions in 3D-ZSM-5 and 2D-ZSM-5 zeolites. 
 3D-ZSM-5  2D-ZSM-5 
BA site Al-O-Si rOH OH  BA site Al-O-Si rOH OH 
Al1_O2_Si2 129 0.97542 3631  Al1_O2_Si2 130 0.97547 3630 
Al2_O7_Si6
a
 139 1.00652 3221  Al2_O6_Si8
a
 138 1.01303 3136 
Al3_O9_Si4
a
 136 1.01113 3161  Al3_O9_Si4
a
 135 1.01119 3160 
Al4_O9_Si3
a
 139 1.00401 3254  Al4_O9_Si3
a
 138 1.00191 3282 
Al5_O1-Si1 134 0.97727 3606  Al5-O14_Si11
a
 139 1.00843 3196 
Al6_O7_Si2 138 0.97721 3607  Al6_O15-Si9 136 0.97905 3583 
Al7_O17_Si8
a
 130 0.99293 3400  Al7_O16_Si11 134 0.97685 3612 
Al8_O17_Si7
a
 131 0.99055 3432  Al8_O20_Si12
a
 133 1.00785 3204 
Al9_O15_Si6 131 0.97616 3621  Al9_O19_Si8 142 0.98158 3550 
Al10_O22_Si9
a
 142 0.99909 3319  Al10_O22_Si9
a
 128 0.99915 3318 
Al11-O16_Si7 135 0.97835 3592  Al11_O16_Si7 133 0.97635 3618 
Al12_O8_Si3 132 0.97618 3621  Al12_O8_Si3 138 0.97790 3598 
a
 BA sites are involved in intra-zeolite hydrogen bonding 
 
As for the CO adsorption complexes, it is clear that the adsorption energies and 
shifts of OH and CO frequencies are higher in 3D ZSM-5 than in 2D ZSM-5 for ma T 
sites. Three situations can be identified depending on the localization and type of BA 
(how does it change upon the 3D  2D transformation): (i) The smallest differences in 
adsorption energy and frequency shifts are observed for the cases of CO adsorption 
complexes with either isolated BA sites (Al in T1, T6, T9, T11, and T12) or H-bonding 
BA sites (Al in T2, T3, T4). The differences are within 11 kJ mol
-1
 and 30 cm
-1
 (Figures 
29 a-d). (ii) Although the type of BA sites change from 3D to 2D ZSM-5 for the cases of 
Al in T5 and T7, only the significant difference in OH frequency shift is observed, 183 
and 369 cm
-1
, respectively, however the CO frequency and adsorption enthalpy are 
similar, within 2 cm
-1
 and 2 kJ mol
-1
 (Figures 29e and 29f). (iii) The largest differences in 
adsorption enthalpies are presented for cases of Al in T8 and T10, from 15 to18 kJ mol
-1
, 
even these BA sites are the same H-bonding site type (Figures 29g and 29h). This is 
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Brønsted properties of 2D and 3D ZSM-5 is complicated; there are many changes of BA 
site type induced by the 3D  2D transformation. The frequency of CO is increased or 
decreased by the transformation. While the acidity of individual BA sites differs in 3D 
and 2D ZSM-5, on average acidity remains similar. The distribution of Al among 
different framework positions appears to have larger influence on Brønsted acidity than 
the 3D  2D transformation. 
 
TABLE 10. Characterization of CO adsorption complexes in the most stable BA site in 
each of 12 distinguishable Al position. 
 3D-ZSM-5  2D-ZSM-5 
BA site Ho(0K) OH CO  BA site H
o
(0K) OH CO 
Al1_O2_Si2 -33.88 303 2180  Al1_O2_Si2 -28.61 315 2180 
Al2_O7_Si6
a
 -14.15 -97 2175  Al2_O6_Si8
a
 -16.31 -141 2179 
Al3_O9_Si4
a
 -7.40 -97 2175  Al3_O9_Si4
a
 -10.79 -14 2133 
Al4_O9_Si3
a
 -9.54 -17 2176  Al4_O9_Si3
a
 -7.05 -21 2171 
Al5_O1_Si1 -27.87 301 2177  Al5_O14_Si11
a
 -29.94 -68 2179 
Al6_O7_Si2 -39.51 287 2178  Al6_O15-Si9 -28.30 263 2161 
Al7_O17_Si8
a
 -31.12 99 2179  Al7_O16_Si11 -30.47 282 2177 
Al8_O17_Si7
a
 -32.92 151 2176  Al8_O20_Si12
a
 -16.97 -47 2169 
Al9_O15_Si6 -32.20 330 2181  Al9_O19_Si8 -22.54 333 2153 
Al10_O22_Si9
a
 -25.96 18 2176  Al10_O22_Si9
a
 -7.18 -5 2123 
Al11_O16_Si7 -29.17 319 2178  Al11_O16_Si7 -23.24 289 2173 
Al12_O8_Si3 -31.26 322 2179  Al12_O8_Si3 -24.41 316 2168 
a
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FIGURE 29. CO adsorption complexes at the most stable Brønsted acid sites in 3D 
ZSM-5 (left column) and 2D ZSM-5 (right column),  shown for Al in T1 (a,b), T3 
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5.2.4. Characterization of 3D and 2D zeolites with MFI topology with the 
31
P NMR 
of adsorbed TMPO 
As mentioned already in previous Sections, 
31
P NMR of the adsorbed trialkylphosphine 
oxide probe molecule has become a suitable tool for the experimental characterization of 
the zeolite acidity. In particular, this method has been used for the study of Brønsted 
acidity of MFI zeolites considering both internal (3D zeolite) and external (2D zeolites) 
surfaces [40, 41, 84, 85]. Results of experimental 
31
P NMR investigations lead to 
conclusions that several types of Brønsted sites can be identified and that more acidic 
sites can be found on the external zeolite surface than inside the channel system. 
Computational studies based on small cluster model could only bring some qualitative 
insight [85, 86] while understanding at the molecular level is still missing. The lack of 
understanding and the fact that MFI characterization with CO probe lead to qualitatively 
different conclusions motivated us to carry out thorough computational investigation of 
31
P NMR of adsorbed TMPO presented in this Section. Adsorption complexes were 
characterized at the PBE-D3 level of theory with the periodic model and chemical shifts 
were calculated with cluster models (with the geometry taken from periodic calculations); 
see Section 4.5. for details. 
The results for periodic 3D MFI (Table 11) are discussed first followed by the 
results obtained for 2D MFI (Table 12); calculated characteristics of TMPO adsorption 
complexes are reported in these Tables for all distinguishable framework Al positions.  
Only one type of TMPO adsorption complexes can exist in the case of 3D MFI: 
TMPO interacts strongly with one Brønsted site that is deprotonated forming thus 
TMPOH
+
 (examples of TMPO adsorption complexes are shown for Al in T1 and T6 in 
Figure 30). Calculated chemical shifts are in the range of 75-86 ppm and there is no 
correlation between υOH, Eads, geometry parameters and chemical shifts. For adsorption 
complexes with shorter Ob-H distance (for Al at T2, T3, T4, and T6) the chemical shift is 
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TABLE 11. Characteristics of TMPO adsorption complexes formed on the most stable 
Bronsted-acid sites in the vicinity of each of 12 distinguishable framework Al positions 
in 3D MFI; structural parameters, stretching frequencies, adsorption energy, and 





















T9Al_O15_T6Si -118.9 -210.8 3621 1.403 1.072 120 2 86 
T1Al_O2_T2Si -138.2 -222.0 3631 1.426 1.070 118 -2 85 
T8Al_O17_T7Si
g
 -137.9 -218.3 3432 1.454 1.062 121 -1 85 
T10Al_O3_T1Si -157.6 -239.5 3603 1.460 1.059 120 -1 85 
T12Al_O8_T3Si -139 -220.0 3621 1.452 1.063 121 -7 84 
T5Al_O1-T1Si -127.5 -208.6 3606 1.443 1.068 121 -4 83 
T7Al_O17_T8Si
g
 -132.7 -208.6 3400 1.438 1.066 121 1 83 
T11Al-O16_T7Si -128.3 -216.3 3592 1.526 1.044 125 0 82 
T4Al_O9_T3Si
g
 -80.6 -184.1 3254 1.399 1.073 122 9 81 
T3Al_O9_T4Si
g
 -72.4 -172.3 3161 1.381 1.080 123 9 80 
T2Al_O7_T6Si -58.5 -154.5 3221 1.387 1.079 124 7 79 
T6Al_O7_T2Si -90.3 -192.0 3607 1.373 1.081 128 1 75 
a
 adsorption energy at PBE level. 
b
 adsorption energy at PBE-D3 level (including dispersion contribution). 
c




 bond length of oxygen atom of 




 H-Op-P angle of Bronsted H
+
, Op and P of TMPO molecule(in 
deg). 
f
 the difference of  Al-Ob-Si angle between after and before TMPO adsorption (in deg). 
g
 BA sites 
are involved in intra-zeolite hydrogen bonding. 
 
In the case of 2D MFI, three TMPO adsorption complexes can be observed (i) 
interaction with Brønsted sites only as in the case of 3D MFI; (ii) interaction with BA site 
and surface silanol simultaneously; (iii) interaction with silanol groups but not with any 
BA site. Examples of TMPO adsorption complexes on 2D MFI are shown in Figure 31. 
The differences between these adsorption complexes can be clearly seen from the Ob-H 
and of Op-H bond lengths; r(Ob-H) > r(Op-H) indicates the transfer of BA hydrogen and 
formation of TMPOH
+
. Other geometrical parameters reported in Table 12 are relatively 
similar for all adsorption complexes. 
The adsorption of TMPO on silanols in energetically the least convenient (Eads ~ -
120 kJ mol
-1
) and chemical shifts are in the range of 43-48 ppm. These adsorption 
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Adsorption complexes on BA only and on BA and silanol are energetically comparable 
(Eads are in the range from -130 to -190 kJ mol
-1
 but they show rather different chemical 
shifts. While complexes on BA only show r(Ob-H) > r(Op-H) and large chemical shifts 
from 80 to 89 ppm complexes on BA and silanol show r(Ob-H) < r(Op-H) and chemical 
shifts from 64 to 72 ppm. 
Calculated TMPO chemical shifts can be classified into several groups. Complexes 
formed in 3D MFI (interaction with BA site only) splits into two groups: (i) majority of 
adsorption complexes is characterized by chemical shift in the range of 80-86 ppm; (ii) 
for Al in T2 and T6 chemical shifts of 75 and 79 ppm, respectively, are observed. Three 
groups can be identified for TMPO adsorption complexes in 2D MFI material: (i) 
adsorption complexes on silanols (43-49 ppm); adsorption complexes with TMPO 
interacting simultaneously with BA and silanol (64-72 ppm); (iii) adsorption complexes 




FIGURE 30. TMPO adsorption complexes with BA sites in 3D MFI, shown for Al in T1 (a) and 
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FIGURE 31.  TMPO complexes with BA sites in 2D MFI, shown for Al in T1 (a) and Al 
in T6 (b); a complex with both BA site and silanol, shown for Al in T12 (c) and in T9 (d); 
complexes only with silanol, shown for T12 (e) and T7 (f).  
In order to characterize the BA sites on the external surfaces of MFI, the TBPO was 
experimentally used instead of a TMPO, due to its large dynamic diameter which prevent 
the enterance into the microporous channel systems of MFI. For comparison with 
experimental data taken from Ref. [40], the TBPO was also investigated by us on 
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chemical shifts of TBPO are 6 ppm larger than those of TMPO at the same BA site, in 
good agreement with experimental data [40, 87]. Taking this into account, three groups 
of resonance value can be observed for TBPO complexes on 2D MFI materials: 49-55 
ppm TBPO complexes with silanol group, 70-78 ppm are due to TBPO complexes with 
both BA sites and silanol groups, and 86-95 ppm correspond to TBPO complexes with 
BA sites only. The good agreement between theoretical and experimental results of 
31
P 
chemical shifts of adsorbed TMPO in the micropore and TBPO on the external surface 
sites is shown in Figure 32. 
Note that our results differ significantly from previous theoretical investigations 
employing just a cluster model and not accounting for dispersion contribution [39, 88]. 
The discrepancy can be easily understood from Tables 11 and 12 where adsorption 
energies obtained with both PBE and PBE-D3 methods are reported. No relationship 
between chemical shifts and adsorption energies can be observed; neither in 3D nor in 2D 
MFI zeolite. This indicates that adsorption energies of TMPO complexes cannot be used 
to evaluate acid strength in zeolites as used in previous cluster model calculations.  
Based on a good agreement between computational results and experimental data, 
the following conclusions can be drawn: The 
31
P chemical shifts of adsorbed 
trialkyphosphine oxide is mainly controlled by the type of adsorption complex formed: 
(i) the highest 
31
P NMR chemical shifts (80-89 ppm for TMPO complexes), are due to the 
interaction of phosphine oxides with only the Brønsted acid sites, where TMPOH
+
 is 
formed. Somewhat lower chamical shifts (73-79 ppm) were found for the cases of Al in 
T2 and T6 in 3D MFI. (ii) The 
31
P NMR chemical shifts in the range of 64-72 ppm are 
due to complexes where TMPO simultaneously interacts with both BA sites and silanols 
group. (iii) The least shifted 
31
P NMR peak (43-49 ppm) is due to TMPO complexes with 
silanol groups. The last two types of adsorption complexes can only be formed on the 
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TABLE 12. Characteristics of TMPO adsorption complexes formed on the most stable 
Bronsted-acid sites in the vicinity of each of 12 distinguishable framework Al positions 
in 2D MFI; structural parameters, stretching frequencies, adsorption energy, and 



















TMPO complexes with BA sites 
T5Al-O14_T11Si -120.1 -175.0 3619 1.354 1.102 123 -5 89 
T2Al_O6_T8Si
g
 -77.4 -184.9 3136 1.499 1.047 119 3 86 
T10Al_O22_T9Si
g
 -93.2 -126.4 3318 1.342 1.113 126 13 85 
T9Al_O19_T8Si -130.7 -188.9 3550 1.393 1.085 120 -5 85 
T7Al_O16_T11Si -125.3 -169.3 3612 1.463 1.062 123 4 84 
T1Al_O2_T2Si -130.6 -192.0 3630 1.383 1.087 120 -2 83 
T3Al_O9_T4Si
g -107.8 -165.7 3160 1.443 1.068 126 3 83 
T12Al_O8_T3Si -124.0 -177.3 3598 1.417 1.076 123 -4 83 
T6Al_O15-T9Si -112.6 -167.5 3583 1.373 1.081 120 -4 83 
T11Al-O16_T7Si -106.1 -157.3 3618 1.422 1.076 124 -1 80 
TMPO complexes with both BA sites and silanol groups 
T9Al_O19_T8Si -142.0 -194.2 3550 1.089 
1.392 
(1.827) 
129 -11 72 
T10Al_O22_T9Si
g
 -97.0 -128.8 3318 1.092 
1.378 
(2.039) 
125 14 71 
T12Al_O20_T8Si -139.2 -184.6 3530 1.082 
1.391 
(1.772) 
129 -6 68 
T4Al_O11_T7Si -120.9 -173.3 3618 1.092 
1.374 
(2.019) 
129 -1 67 
T8Al_O20_T12Si
g
 -104.8 -137.3 3204 1.113 
1.335 
(1.964) 
125 2 67 
T11Al_O16_T7Si
g
 -124.9 -167.8 3618 1.086 
1.387 
(1.999) 
131 -1 67 
T6Al_O15_T9Si -104.5 -154.8 3583 1.059 
1.475 
(2.002) 
128 -2 64 
TMPO complexes with silanol group 
T7 -83.5 -123.8   1.579   48 
T9 -69.0 -105.1   1.630   49 
T12 -79.6 -120.9   1.624   47 
T10 -75.3 -117.7   1.627   43 
aadsorption energy at PBE level. b adsorption energy at PBE-D3 level (including dispersion contribution). c bond length of 
zeolite framework oxygen (Ob) and proton H
+(in Å). d bond length of oxygen atom of TMPO molecule (Op) and of Bronsted 
H+, the value in parentheses are the distance between Op and H atom of silanol group.  
e H-Op-P angle of Bronsted H
+, Op and P 
of TMPO molecule(in deg). f difference Al-Ob-Si angle between after and before TMPO adsorption (in deg). 
g BA sites 
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FIGURE 32. 31P NMR chemical shifts of adsorbed TBPO on the surface sites (top) and 
TMPO on sites inside the channel system (bottom) of the lamellar MFI zeolite; experimental 
data taken from Ref. [40] (depicted in black) are compared with the DFT results (red bars). 
 
5.3. Hierarchical Na-USY zeolite 
Along with lamellar zeolites, other types of hierarchical zeolites combining 
micropororosity and mesopororisity have been successfully synthesized by various post-
synthesis modifications including desilication or dealumination. The hierarchical USY 
(hUSY) material has very high Si/Al ratio. Therefore, extra-framework cations important 
for catalytic applications cannot be simply ion-exchanged there since the amount of 
framework Al is negligible. However, alkali-metal cations can be introduce by special 





 defect sites along with hierarchical structure of the material 
provide attractive materials for catalytic application in petroleum industry or fine 
chemical processes. A verification of the hUSY model is described in this Section 
together with the investigation of its adsorption and catalytic properties. Results are 
confronted with experimental data obtained in a parallel experimental investigation of 
these system at the laboratory of our collaborators. Results were summarized in one 





Chapter 5. Results and Discussion 
5.3.1. Nature of active sites in hierarchical Na-USY 
The defects capable of binding alkali metal atoms are known from several siliceous 
zeolites, such as FAU, MFI, BEA, and they were found to have a moderate basic 
character [90]. While the type of alkali metal sites in hUSY zeolite plays a crucial role in 
its catalytic applications, the nature of these basic sites remains somewhat unclear. They 
have been characterized by a number of experimental techniques, including 
23
Na MAS 
NMR, IR, electron microscopy, and temperature-programmed desorption of CO2; it has 
been proposed that Na
+
 cations replace part of H atoms in surface (external or internal) 
silanols. Therefore, we have proposed a suitable model (see Section 3.4) and carried out 
an extensive DFT investigation of CO adsorption on these sites. Such theoretical 
investigation in combination with experimental study has already been proved for various 
materials [43, 60, 63, 77] and it has been also applied for the characterization of 2D and 
3D zeolites described in previous Sections.  
The geometry of various alkali metal sites in hUSY (Na and K) was 
computationally investigated by adsorption of CO and compared to experimental data 
based on IR measurement. A structural model of hUSY zeolite was created by 
introduction of large pore in FAU primitive cell by removal of one fourth of silicon 
atoms. This model contains several types of different surface silanol nests or defects as a 
model of mesoporous zeolite surface. The possible positions of grafted alkali metal ions 
in hUSY are shown in Figure 33. It is shown that CO frequencies nicely fall within 









respectively (Table 13). While the higher CO frequencies are controlled by interaction of 
CO with the alkali metal cation only (“effect from bottom”), the lower CO frequencies 
are strongly affected by the interaction with silanol groups in the nearest vicinity of 
grafted cations (“effect from the top”). Based on these results, it is realistic to expect that 
alkali metal grafting in high-silica FAU indeed happens by the deprotonation of silanol 
groups to silanolates that are charge-compensated by exchanged alkali cations. The 
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FIGURE 33. CO adsorption complexes formed on (a) SD6R, (b) SS6R, (c) S06R, (d) B‑1T, (e) 
S‑1T, and (f) S‑2T Na
+
 sites in Na-hUSY. Si, O, H, and Na atoms are depicted in gray, red, 
white, and purple, respectively. All distances are in Å. The notations details can be found 
in Attachment E.  
 
TABLE 13. Relative exchange energies, CO interaction energies, and stretching 
frequencies calculated at the PBE level for various alkali metal sites in M-hUSY 
zeolites.  






















S06R 27.4 -11.9 2167 30.2 -14.3 2163 
SD6R 61.5 -25.9 2176 57.5 -12.9 2160 
SS6R 76.2 -22.7 2178 82.8 -12.4 2162 
B-1T 0.0 -25.3 2180 6.2 -14.1 2165 
S-1T 11.0 -21.1 2174 9.3 -15.0 2163 
S-2T 11.7 -22.1 2162 0.0 -15.6 2142 
a
 Relative H/Na(K) exchange energy compared to the lowest-energy lying Na- (K-)containing 
structure; 
b
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5.3.2. Theoretical investigation of reaction mechanisms of aldol condensation 
catalyzed by the hierarchical USY zeolite 
For further understanding of basic properties of Na-hUSY, the catalytic application of 
Na-grafted hUSY zeolite for aldol condensation has been investigated experimentally and 
results show that this catalyst performs better than traditional Al-rich zeolite catalysts 
[90]. The aldol condensation reactions in acetone and furfural mixture were studied by a 
joint experimental and theoretical study. Experimental evidence shows that aceton self-
condensation is the preferred reaction in acetone and furfural mixture; it is the goal of 
present theoretical investigation to explain and understand these experimental results. 
Therefore, acetone-acetone and acetone-furfural condensations catalyzed by Na-hUSY 
zeolite (Figure 34) were computationally investigated by DFT methods. Cluster models 
of all sites considered in the hierarchical FAU model have been developed and utilized as 
potential catalytic sites in Na-hUSY for the acetone-furfural condensation at B3LYP 
level (results not reported herein). A single six-membered ring site (denoted as Na-SS6R-
hUSY) was found to have superior activity to all other sites and was thus used for further 
investigation. 
Investigation of acetone-acetone and acetone-furfural condensation mechanisms 
was performed using newly developed layered FAU model (see Section 3.4) containing 
surface SS6R sites to obtain all minima on relevant reaction paths using PBE-D3 method. 
The reaction barriers were subsequently corrected; corrections were calculated with 
cluster models as a difference between B3LYP and PBE barriers. The final reaction 
profiles of reactions in acetone and furfural mixture are shown in Table 14 and Figure 35. 
As can be seen from Figure 35, both reactions in acetone and furfural mixture 
proceed in two steps: i) the tautomerization of acetone to enol or deprotonation to enolate 
(jointly denoted as R
act
) followed by condensation to form intermediates; either DAA or 
FAA (jointly denoted Int, see Figure 34 for notation); ii) thus formed intermediates are 
then tautomerized to form enol/ate and then reactions are finished by water elimination 
and products formation. Barriers of individual reaction steps are quite similar for aceton-
aceton and aceton-furfural condensation; a major difference between two reactions is in 
the stability of intermediates. The results in Table 14 show that DAA is by 18 kJ mol
-1
 
more thermodynamically stable than reactants; however, FAA is by 15 kJ mol
-1
 less 
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are by 12 kJ mol
-1
 more stable than reactants. The Na-SS6R-USY thus significantly 
decreases the reaction barriers of aldol condensation; however, for some reactants it 
strongly destabilizes formation of the product and thus it blocks the reaction. This nicely 
explains the experimentally results showing formation of DAA and mesityl oxide and 




FIGURE 34. Schemes of aldol condensation; acetone-acetone (left column), acetone-
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TABLE 14. Reaction profile of aldol condensation of acetone and furfural with minima 
obtained in periodic Na-SS6R-hUSY model and PBE+D3 functional and elementary 
barriers with SS6R cluster model. B3LYP corrections were added as obtained from the 
SS6R cluster model (as difference between B3LYP/TZVP and PBE/TVZP reaction 










































TS1 -71.8 TS1 
-
108.1 









TS2 -71.8 TS2 
-
100.4 






FIGURE 35. Reaction profiles of condensation reactions in acetone and furfural mixture 
catalyzed by Na- hUSY represented by a SS6R site. All minima were obtained using 
periodic model and PBE+D3 method and corrected for B3LYP based on cluster model 

































Two-dimensional zeolites recently explored experimentally have several advantages with 
respect to conventional 3D zeolites, in particular in catalysis. Hierarchical zeolites 
prepared from 2D zeolites by pillaring contains crystalline zeolite layers separated by 
amorphous pillars; presence of mesoporous channels helps to overcome diffusion 
limitation while the crystalline character of the zeolite layer guarantee the presence of 
catalytically active sites similar to those found in conventional 3D zeolite. The goal of 
this thesis was to systematically investigate the difference between 3D and 2D zeolites by 
means of computational chemistry tools. And a motivation for the computational work 
presented here was to improve our understanding of properties of 2D zeolites based on 
combination of computational results with available experimental ones. The strategy 
adopted was following – computational investigate the properties of active sites formed 
at equivalent crystallographic positions in 2D and 3D zeolites and identify the similarities 
and differences. 
The most important properties of zeolites, i.e., the presence of Brønsted and Lewis 
acid sites, were investigated. A number of different characteristics of acid sites were 
considered, focusing on those that could be also obtained experimentally. Results 
obtained computationally were compared with experimental data available in literature 
and with those newly obtained by collaborating experimental research groups. Several 
zeolite topologies were investigated, including, UTL, MFI, MWW, and FAU; properties 
of traditional 3D zeolite as well as of corresponding 2D one were considered in all cases. 
The Lewis acidity of 3D and 2D zeolites was investigated for Li-form of zeolites. 
First the structure of the Lewis site was determined followed by investigation of 
adsorption complexes with CO probe molecule. This approach was used previously for 
characterization of 3D zeolites and we have shown that it can be extended for the 
description of the 2D zeolites. Not only that, our results indicate that the sensitivity of CO 
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is sufficient to distinguish between the Lewis sites in 3D and 2D zeolites. Following 
observation can be drawn: (i) Adsorption heats of CO on Lewis acid sites in 2D zeolites 
are smaller than those on 3D zeolites mostly due to the decrease of the dispersion 
interactions. (ii) CO stretching frequencies are also lower on Lewis sites in 2D zeolites 
due to missing effect of the microporous channel. The main conclusions of this part of 
the thesis include: (i) The acidity of Lewis sites in 2D zeolite is similar as in 
corresponding (having the same topology) 3D zeolite; this is in particular true for 2D 
zeolites with thick layers and with lower concentration of surface silanols (MWW). (ii) 
The Lewis acidity of 2D zeolites with thin layers (about 1 nm) is somewhat lower than 
acidity of corresponding 3D zeolites; this is due to increase flexibility of 2D layers and 
due to the loss of intersection sites. 
The Brønsted acidity of 3D and 2D zeolites was investigated also with the CO 
probe molecule; adsorption heats and changes in CO and OH stretching frequencies were 
evaluated. The same observations as described above for Lewis sites were found also for 
Brønsted sites (i.e., lower adsorption heats and smaller frequency changes in 2D 
zeolties). And the same conclusions can be drawn for Brønsted sites, however, the 
differences between 3D and corresponding 2D zeolite are smaller: (i) There is hardly and 
change in Brønsted site characteristics for 2D zeolites with thick layers and low 
concentration of surface silanols. (ii) Brønsted acidity of 2D zeolites with thin layers is 
slightly lower than that in corresponding 3D zeolite. Investigation of Brønsted acidity 
was extended to the 
31
P NMR characterization of 2D and 3D MFI using 
31
P chemical 
shifts of adsorbed trialkyphosphine oxide. A consistent interpretation of available 
experimental data was offered. 
Our investigation of acidity of zeolites with similar topology but different size of 
the microporous channel have revealed an interesting (and not yet discovered) 
observation that the acidity of channel wall sites increases for zeolites with smaller 
channels; of course this only holds for the zeolites with similar topology (as was 
demonstrated on UTL, OKO, and PCR zeolites).  
Finally, the catalytic activity of hierarchical zeolites (represented by 2D FAU) was 
investigated. The nature of active sites in this catalysts were investigated first and from a 
comparison of experimental and calculated characteristics (IR of adsorbed CO) the 
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searched the reaction path for aldol condensation, considering condensation products 
between aceton and furfural and the reaction mechanism has been proposed.  
All computational results reported in this thesis were compared with available 
experimental data and a good agreement was found in all cases. It is therefore believed 
that the study presented herein brought new inside on the character and properties of 
active sites and 2D zeolites and on the differences and similarities between 3D and 2D 
zeolites. It can be concluded that 2D zeolites hold all important properties of 
corresponding zeolites and small decrease of acidity can be only expected for 2D zeolites 
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